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Abstract
This thesis presents an investigation of the high-temperature structural behavior
of two types of rare-earth tungsten oxide compounds. Included are first-time
descriptions of phase transformation and thermal expansion phenomena in
Ln6WO12 (Ln= Y, Ho, Er, Yb) and Ln2WO6 (Ln= Gd, Dy, Y, Ho, Er,
Yb) obtained through high-temperature in situ X-ray diffraction and thermal
analysis techniques. The phase transformations are presented and classified
according to thermodynamic, mechanistic and kinetic criteria, while thermal
expansion behavior is considered in terms of both the conventional lattice
parameter approach and thermal expansion ellipsoid analysis. Both phenomena
are studied in conditions identical to, or exceeding, the demands of real-world
applications. Characterization is done in terms of fundamental crystal lattice
constituents and property trends are extended across the compositional
spectrum.
Two phase transformations were discovered and analyzed in the Ln6WO12
systems - both were determined to be first-order reconstructive processes,
with slow kinetics and small but noticeable changes in the volume and shape
of the unit cells of the phases which were involved. The irreversible lower
ii
temperature transformation was from an fcc to a rhombohedral structure and
occurred in the range 1250-1300 ○C. In the higher temperature transition
the rhombohedral phase transformed back into an fcc structure, which was
initiated at approximately 1600 ○C. The transformation process in this case
was reversible on slow cooling.
The thermal analysis of the monoclinic Ln2WO6 compositions demonstrated
a series of consistently repeatable and reversible phenomena in all but Gd2WO6
and Yb2WO6. For Dy2WO6, Y2WO6 and Er2WO6 the starting and ending
phase after two measurement cycles up to 1500 ○C were identical, with all
three compounds displaying a similar sequence of endothermic and exothermic
peaks, which occurred on heating and cooling correspondingly. The peak shape
and formation kinetics strongly suggested a displacive transformation as a
possible description of the observed processes. This explanation was further
reinforced by the comparison and close similarity of the observed Ln2WO6
peak shapes with those of the peaks reflecting the monoclinic to tetragonal
displacive transformation in ZrO2.
Because of the structural resemblance of the fcc and rhombohedral phases
of the Ln6WO12 system, their thermal expansion behavior was very similar.
The noticeable expansion anisotropy of the rhombohedral phase was ascribed
to the layered disposition of anions and cations, which caused the resulting
polyhedra to expand more along the (111) plane and less in the [111] direction.
Analysis of the thermal expansion ellipsoid of the monoclinic Ln2WO6 revealed
a continuous change in both its shape and orientation, with the latter effect
strongly manifested in the (010) plane. A noticeable reversal of the relative
iii
expansion rates between the a, and b and c lattice parameters was attributed
to the rotation of the ellipsoid cross section in this plane, bringing the larger of
the two eigenvectors closer to a, while the smaller one to c. Investigating the
structural dynamics of the constituent layers suggested that the Ln polyhedron
centered on the only general position in the unit cell may be the reason for
the rotating CTE ellipsoid.
iv
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CHAPTER 1
INTRODUCTION
1.1 History of the Rare-Earth Tungstate Oxides
1.1.1 Compositions and Crystal Chemistry
The earliest mention of rare earth tungsten oxides in the scientific literature
go as far back as the late 1800s, and consisted of investigation of different
processing methods as well as the ability to clearly separate various molybdenum
and tungsten compounds. Improving the purity of the obtained compositions
as well as optimizing the synthesis conditions were also among the goals of
these early efforts. Work in this area was done by Freirich and Smith [1], Cossa
and Zecchini [2], Didier [3], and Hitchcock [4]. A review of the basic physical
properties of various yttrium compounds was done by Duboin [5] in 1888, and a
similar evaluation of compounds formed by ytterbium was completed by Cleve
in 1902 [6]. It is by then, that precipitation methods had started to replace
the traditional, at this time, fused-metals approaches. A more comprehensive
1
review of the chemical properties of a variety of rare earth tungstates was
carried out by Gmelin and Kraut in their ”Handbook of Inorganic Chemistry”
in 1932 [7]. It was in the second half of the twentieth century, however, when
the first phase equilibria and crystal chemistry studies focused exclusively on
rare-earth tungsten oxides, started appearing. Initiated by Vickery [8] who
investigated compositional stability and physical properties of a wider range
of rare-earth tungstates, the field was further broadened by MacDonald et al.
[9], Borchardt [10], Aitken et al. [11], Blasse [12] and Bartram [13, 14]. As a
result of their studies the ability of most of the rare earth elements to form
tungstates was established, and several phases among the compositions were
clarified. These investigations were conducted on samples prepared by solid
state methods and analyzed by X-ray diffraction of both powders and single
crystals, differential thermal analysis and thermogravimetric analysis. Based
upon the relative quantity of the two constituent oxides, the compositional
spectrum consists of several systems common to most rare-earths - Ln6WO12
(3:1 molar ratio of Ln2WO3 to WO3), Ln2WO6 (1:1), Ln2W3O12 (1:3).
Phase equilibria studies and more detailed physical characterization were
conducted on the 1:1 and 1:3 compositions at first [15–21], with structure type
and stability varying according to size of the rare-earth element. The WO3 -
rich compositions are less refractory, with melting temperatures between 1080
(La) and 1590 ○C (Lu). The La through Dy compounds exhibit monoclinic
symmetry and Ho through Lu plus Y are orthorhombic . Following a similar
trend, the 1:1 compounds melt in the range 1645 (Pr) to 1710 ○C (Lu),
with La2WO6 being orthorhombic, Ce-Ho monoclinic, space group C2/c and
2
Er-Lu monoclinic with space group P2/c. Several studies focused on single
compositions revealed the existence of more phases, specifically a
high-temperature orthorhombic phase for the larger 1:3 compounds [22], which
however, exists over a rather narrow temperature range (from close to 1000 ○C
up to melting at the 1080-1180 ○C range), and high-temperature orthorhombic
and tetragonal phases for a limited number of the 1:1 members [23–26]. The
latter results have focused on the La2WO6 and mostly Y2WO6 compositions
and have not been replicated for any of the other systems. The transformation
between the low-temperature α-La2WO6 and the high-temperature
β-polymorph occurs at 1509 ○C on heating, with the reversal at 1462 ○C on
cooling [27]. For Y2WO6 the monoclinic to tetragonal transformation is at
1400 ○C, while the tetragonal to orthorhombic change is between 1600 and
1700 ○C (see Figure 1.1).
The reversibility of the two transformations was not examined, but rather
their structures were studied upon quenching. A low-temperature tetragonal
phase has also been prepared [26], but despite showing similarity in the lattice
parameters to the high-temperature phase, its relation to the other phases has
not been further investigated.
Studies dedicated to the Ln2O3-rich compositions were initiated somewhat
later, but quickly caught up with the level of knowledge available for the
other two systems [11, 14, 24, 28–35]. The 3:1 compositions are considerably
more refractory, with melting temperatures in excess of 2300 ○C, something
quite unusual for a compound containing a large proportion of the typically
volatile WO3. Similarly to the other two groups, but to an even greater extent,
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a number of the structural studies were done in parallel for the identical
molybdenum and uranium compounds, as well as the rare earth oxides for
Ln elements with variable oxidation states. As expected the same trends in
melting temperature and lattice symmetry with size of the rare-earth cations
were revealed. The lattices of the La-Pr are cubic, Nd-Gd pseudotetragonal
and D-Yb with Y are rhombohedral. High-temperature studies have been
conducted on Y6WO12 only and they revealed the presence of a disordered
face-centered cubic phase (h-fcc), in which oxygen vacancies co-exist with
the anions on the same lattice site, and both types of cations also share an
identical location in the unit cell. Because of the structural and chemical
similarity, the same phase is thought to also be present in the other Ln
compositions of the same group. These early results covering the wide Ln
composition ranges, however, were derived from samples obtained through
solid-state processing methods involving very high temperatures. Once wet
chemistry methods started to be utilized another disordered face-centered
cubic phase (l-fcc) was discovered for Y6WO12 [36]. However, as yet it has not
been extended to the remainder of the heavy rare-earth cation compositions.
The two cubic structures existing below and above the previously known
ordered rhombohedral phase, are suggested to be identical (Figure 1.2).
1.1.2 Properties and Applications
Due to their unique negative thermal expansion (NTE) properties, the 1:3
compositions have attracted the most attention up to date, and have been
the focus of numerous structural studies. These unique characteristics were
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first discovered by Evans et al. [37, 38] in Sc2W3O12 by analogy with the
previously known NTE of ZrW2O8 and HfW2O8 [39], and were subsequently
extended to Y2W3O12 by Woodcock et al. [40] and Lu2W3O12 by Forster et
al [41]. Aside from the fundamentally unusual nature of this phenomenon,
the other attractive features were the wide temperature range over which
this behavior was observed (up to 900 ○C) in Sc2W3O12 [37]), and the strong
volume contraction observed in Y2W3O12, reaching up to over -20×10−6 ○C−1
[40]. A number of further studies by Sleight, Sumithra, Yokochi and Tao
[22, 42–46] clarified the mechanism by which the NTE behavior is manifested
and broadened the compositional range of candidate materials by considering
various solid solutions and combinations of more than one rare-earth element.
The NTE is ascribed not to decreasing interatomic distance between directly
connected atoms with increasing temperature, but from a shortening of the
spacing between non-bonded atoms [44]. More specifically, it is the transverse
thermal motion of 2-coordinated oxygens connecting a Ln element and a W
cation [41] in the above structures, which causes the two cations to come closer
together. These motions are not isolated, but are correlated by the coordinated
rocking motions of semi-rigid connected polyhedra. A slight change in shape
is required for the presence of these rocking motions, and because of the large
influence of the anion-anion repulsion on the polyhedral rigidity, larger cations
are expected to diminish this and in turn enhance the NTE properties of the
materials [47]. What makes the heavier rare-earth elements good candidates
for these compositions, is the fact that they are among the largest cations which
can fit in and maintain the structure accommodating this kind of behavior.
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The NTE properties aside, all three compositions in the rare-earth family
have been considered for a number of other applications ever since accurate
processing and clear phase stability guidelines have been established. The
earliest engineering interest was because of the promising fluorescent properties
of Eu2W3O12 and Y2WO6 [9, 48]. Eu2W3O12 has a narrow emission range at
room temperature, peaking at 6150 A˚, with a broad range of wavelengths
(2537-5300 A˚) capable of exciting the fluorescence. At liquid He temperature,
the increase in peak intensity is five-fold, while the half-widths of the strong
lines decrease by a half. The emission is attributed to a transition between the
upper 5D0 and the lower
7F2 levels of Eu
3+. Y2WO6, on the other hand emits
when excited in the neighborhood of 2540 A˚, and emits a broader band peaking
at approximately 4520 A˚. Unlike the Eu composition, however, in this case the
emission is due to tungsten fluorescence, rather than the Ln element. Since
then, studies of the optical emission properties have been extended to broader
compositions tailored to strengthen and broaden the absorption bands, as well
as provide strong emission and good thermal and chemical stability [35, 49–63].
Doped rare-earth tungstates and rare-earth tungstate-molybdates are used as
phosphors in white - light sources for the fabrication of light-emitting diodes,
and as host materials for numerous laser-active media applications.
Another aspect of the rare-earth tungstate properties which is of both
fundamental and engineering interest are the magnetic properties of the a
more limited 1:2 composition, and more specifically alkali-doped compounds
of the general formula MLn(WO4)2. The studies of compositions of this
ratio have been directed towards the mid-to-heavy rare-earth cations with
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particular interest in magnetic anisotropy, magnetostriction and transition
phenomena [64–71]. Unlike high symmetry crystals, they are characterized by
strong magnetic anisotropy, low local symmetry and low-dimensional magnetic
structure, and they exhibit strong spin lattice coupling. While having an
identical lattice structure, they also provide the opportunity to compare
behavior among rare earth ions with different electronic structures (in terms
of angular momentum and even-odd number of electrons). The partly-filled
4f - electron shells of the Ln ions determine many of the properties of this
composition. It is known that, because of screening by outer electrons, the
crystal field effect on the f electrons is significantly suppressed, as compared
to the d-shell. However, under the influence of low-symmetry crystal fields, all
energy levels become doublets for Ln ions with an odd number of 4f electrons
and singlets for those with an even number. Additionally, the electronic
spectrum of rare-earth ions in the crystalline field usually has low-lying excited
levels, and that leads to the possibility of reorganization of the corresponding
electronic states, both by an external magnetic field as well as by displacements
of the ions. This, for example, is responsible for the magnetic-field-induced
structural phase transitions observed in various compounds of this class. All
of these circumstances lend great interest to the study of such systems, and
provide the possibility of studying a number of magnetic property questions.
Among such topics are the interaction of electronic excitations with lattice
vibrations,the Jahn-Teller effect, structural phase transitions, and nonlinear
regimes of microwave energy absorption.
Additionally, because of their structural similarity to rare-earth actinides
7
(Ln6AnO12), the 3:1 tungstates have been considered as useful proxies for
studying thermal properties in potential radioactive ceramic waste forms [72].
Specific actinide candidates like Y6AnO12 and Yb6AnO12 have the same
rhombohedral structure as the intermediate-temperature phase in the Ln6WO12
compounds. With the heavy molecular weight of the target compounds being
a significant factor for their thermal conductivity, having a non-radioactive
substitution which provides as similar cation as possible, while exhibiting the
same structure offers the opportunity to conduct realistic studies in a much
safer and less constraining environment.
The application which has recently attracted the most attention for the
rare-earth tungstate family, however, is high-temperature ionic and electronic
conduction. Improving today’s environment-friendly energy technologies,
requires materials which exhibit both of these properties at intermediate and
high-temperatures, often in very reactive atmospheres. Such compounds are
typically used in electrolytes or electrodes in solid oxide fuel cells, or as
gas-separation membranes. Promising, but extremely demanding processes,
are conducted in environments which few materials can handle. Direct thermal
decomposition of CO2 as shown below for example,
CO2 ⇌ CO + 1
2
O2
is a promising substitute for its recovery from industrial and power generation
waste streams and fixation through selective separation membranes [73]. A
further advantage of this process is the resulting CO gas, which can be utilized
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directly as a raw material for the synthesis of basic chemicals. The main
challenge in this process is the extremely high temperature required for
economically viable conversion rates (Figure 1.3).
Additionally, for a given temperature, the conversion becomes higher as
the CO2 concentration in the feed is lowered, thus requiring the need for
dilution. One method for improving the conversion rates is the employment of
membrane reactor systems. Being equipped with a permselective membrane,
these systems allow the selective removal of products from the reaction mixture
through the membrane, thus eliminating the constraint of the chemical
equilibrium and resulting in higher conversion.
Another field in which selective and durable membranes have great potential
is the separation of high-purity hydrogen in an economically-viable manner.
High-temperature membranes can find applications in hydrogen separation
in gas streams resulting from the gasification of fossil fuels or biomass in
power plants implementing carbon capture and storage. In order to reduce the
CO2 emissions from natural-gas-based, power-generation plants, for example,
three main types of concepts have emerged as the most promising [74]: (1)
Separation of CO2 from exhaust gas coming from a standard gas-turbine
combined cycle (GTCC), using chemical absorption by amine solutions; (2)
Oxy-fuel GTCC with a close-to-stoichiometric combustion using O2 as oxidizing
agent(3) Pre-combustion fuel decarbonization in which the carbon of the natural
gas (NG) is removed prior to combustion and the fuel heating value is transferred
to hydrogen. Each of the three concepts implies a noticeable reduction of
plant energy efficiency compared to conventional combined-cycle plants and
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an addition of several components to the process. Put in this context, inorganic
high temperature membranes for gas separation are a technology that could
offer efficient possibilities for power generation with CO2 capture with fewer
new power cycle components. They can also be integrated in catalytic membrane
reactors for in-situ H2 removal during processes such as olefins (i.e. ethylene,
propylene) and aromatics (i.e. benzene, toluene) production from natural gas,
’syngas’ production and other hydrocarbon reforming reactions. Applications
as these typically entail environments with temperatures in the range of 500-1000
○C, high concentrations of steam and CO2, and the presence of noticeable
amounts of sulfur and other possible poisoning compounds [75–79]. These
conditions necessitate the development of thermo-mechanically and chemically
stable membranes, which also have the appropriate proton-transport
mechanisms to accommodate high selectivity. There are several categories
of candidate materials, with classic perovskite compounds like BaCeO3 and
SrCeO3 being among the most studied. These materials have the advantage
of very high protonic conductivity, but are unstable towards CO2 and H2O,
resulting in their decomposition to carbonates upon exposure [80, 81]. Zirconates
of the same system have better chemical stability, but an order of magnitude
lower conductivity, and if prepared by solid-state methods, somewhat inferior
mechanical stability. The predicted conductivity values, at the same time, are
rarely realized due to the significant effect of grain boundary resistance on the
polycrystalline material. Some approaches to the chemical and structural
stabilities include doping the individual compositions or considering
combinations of the two. Other materials with promising characteristics include
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the brownmillerite compounds (i.e. Ba2In2O5), rare-earth ortho-niobates
(LnNbO4) and ortho-tantalates (LnTaO4) of the fergusonite group, as well as
rare-earth gallates (Ln1-xBa1+xGaO4-x/2), meta and oxy-phosphates, borates
and silicates, and some eulytite-type structures (Figure 1.4 [81]).
The 3:1 rare-earth tunsgtate composition has been a relatively recent
addition to the conductive solids family [82]. Most studies have been focused
on the La6WO12 composition [80, 82–89], which, relative to a number of the
other candidate materials, exhibits both better conductivity values as well
as higher chemical and mechanical stability (Table 1.1) offering an excellent
balance of the two. More specifically, if compared to one of the most popular
conductors (10% Y-doped BaZrO3), La6WO12 exhibits two orders of magnitude
higher dc conductivity under identical conditions. This composition also exhibits
both protonic and electronic conduction, which makes it suitable for membrane
applications as well. With the full extent of its capabilities still under
investigation, the Ln6WO12 system, therefore, promises great potential for
advancement in the field of ionic and electronic conduction under extreme
conditions.
1.2 Motivation
Designing a new material is an integrated, many-step process, which can be
more or less complex depending on the materials system under consideration.
The initial interest is usually motivated by interesting fundamental properties.
Once they have been properly explained and unless they perfectly satisfy a
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certain requirement as they are, the need to tailor them to specific needs
arises. After this ability has been obtained, comes the challenge of designing
and creating the structures which are to carry out the desired applications.
Throughout this entire process the composition at hand is almost always
considered in the context of other materials. This relationship, as a matter
of fact, is very often also a major motivation (and often the origin of its
discovery), as it contributes to the development of a broader ecosystem of
inter-related constituents, thus the topic becoming more than just a piece
of interesting, but self-contained phenomenon. This is arguably the most
important stimulus behind any kind of scientific or engineering investigation,
as regardless of how unique a subject’s properties are, the main benefit is not
only direct application, but the additional knowledge its development supplies
to advance related fields. Once reciprocated, this allows the integration of
an isolated effort and creates a multiplier effect, which results in the most
satisfactory outcome.
It would be a stretch to say that the the refractory compositions of the
rare-earth tungstates are still in the beginning of this aspiration-to-application
chain of development. Advances have been made at various levels along this
path. A great deal of the efforts focused on realizing their full potential,
however, have been and are concentrated on more limited, application specific
properties, investigated under narrowly-defined conditions. While focusing
on the most beneficial aspects manifested in the most likely environment is
a natural beginning step, this approach leaves open the areas involving the
more demanding, but often more rewarding results untouched. One of these
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more obvious gaps of knowledge is that concerning their structural evolution
with high temperature, and as such is the focus of this work. In all the
research which has hitherto been conducted, no transformation implications
have been considered during synthesis nor applications for any of the existing
compositions in any of the considered contexts. All experimentation has
been conducted on single phases in each system, often obtained at very high
temperatures. This often entails missing a low-temperature phase, which may
offer more attractive properties than the commonly obtained high-temperature
one. Because of phase dynamics, experimentation done ex-situ does not always
replicate realistic conditions. Structural changes which occur in situ can have
a profound effect on both the mechanical integrity and application-specific
characteristics of the material of interest, but are often missed in the studies
of quenched phases or phases obtained by solid-state sintering methods.
The motivation behind this work therefore, is two-fold. The first aspect is
the evaluation of the possibility for high-temperature applications of members
of the Ln6WO12 and Ln2WO6 families. The second is the development of
a fundamental understanding of the structural changes occurring in these
materials on heating and placing them in the context of established classification
and related phenomena.
The results of the first undertaking will benefit the materials implementation
from point of view of synthesis and structure manufacturing, as well as provide
insight into possibilities for direct utilization. Regardless of the final application,
structural ceramic processing always involves high temperatures and a knowledge
of temperature-dependent phase stability is therefore a necessity. Structural
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changes upon transformations can also have significant influence on the properties
of consideration, and thermal expansion is invariably a major factor in any high
temperature environment.
While describing the high-temperature behavior is beneficial for direct
application considerations, understanding the underlying mechanisms is what
allows the tailoring of this behavior, as well as relating it to similar phenomena
in other systems. It can therefore provide insight into phenomena which has
an impact outside of this specific context. Phase transformations for example,
often include mechanisms common across a variety of materials, and the
thermal expansion behavior of low-symmetry materials can reveal interesting
observations like zero or negative TE values.
Both of these tasks will therefore allow a more complete understanding and
useful application of the properties of the two systems, as well as contribute
to the wider knowledge about high-temperature phenomena in the world of
structural ceramics.
1.3 Objectives
The overall goal of this work will be to evaluate the potential of the Ln6WO12
and Ln2WO6 systems for high-temperature applications. The objectives will
therefore focus on the two types of structural phenomena observed in these two
compositions, which are of most interest in high-temperature environments-
phase transformations and thermal expansion. The phase transformation
aspect will be discussed according to several classifications - thermodynamic,
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mechanistic and kinetic. This will include description of the order of the
transformation, the nature of its initiation and evolution, and the speed at
which it proceeds. Structural effects as shape and volume change,
crystallographic correspondences and the role of the constituent atoms will be
considered. Temperature ranges of phase stability, as well as reversibility of
the transformations will also be described. Transformation behavior will be
compared among compositions and any resultant trends will be established.
Finally, a comparison with similar phenomena in other systems will also be
performed. The thermal expansion of the accessible phases in each composition
will be investigated through conventional lattice parameter considerations, and
when the symmetry is low enough to allow it, thermal expansion ellipsoid
analysis. The behavior will be analyzed in terms of basic structural components,
with the correspondence between atomistic/polyhedral dynamics and lattice
parameter/ellipsoidal axes behavior clarified. Any observed anisotropy in
the thermal expansion will also be investigated and explained in terms of
lattice constituents. As with the phase transformations, the variation of
expansion with composition will be clarified and the corresponding trends
established. Once completed, these characterizations will provide a description
of the optimal conditions under which different phases in the two systems can
be utilized at high-temperatures.
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1.4 Outline
The rest of this thesis will be organized as follows:
 Chapter 2 begins with an overview of the Phase Transformation
Classification scheme which covers the categories of phase transformations
through thermodynamics, mechanistic and kinetic criteria. A summary
of the knowledge available on phase transformations in the 3:1 and 1:1
rare earth tungstates is also included.
 Chapter 3 contains the experimental techniques which were utilized for
the sample preparation, data acquisition and analysis. The techniques
are introduced and the reasoning behind their choice as related to the
objectives of this thesis is explained.
 Chapter 4 introduces the low-temperature cubic to rhombohedral phase
transformation in Ln6WO12 (Ln=Y, Ho, Er, Yb). A brief overview of
the experimental conditions specific to this measurement is introduced,
followed by the outcomes for each technique and a discussion of the
results.
 Chapter 5 introduces the rhombohedral to high-temperature cubic phase
transformation in Ln6WO12 (Ln= Y, Ho, Er, Yb). A brief overview of
the experimental conditions specific to this measurement is introduced,
followed by the outcomes for each technique and a discussion of the
results.
 Chapter 6 investigates phase transformations in the Ln2WO6 family
16
through the use of differential scanning calorimetry. While providing
a characterization of the observed temperature-induced phenomena, it
also serves as a guide for future in situ HTXRD studies.
 Chapter 7 investigates the thermal expansion behavior of the
low-temperature cubic and rhombohedral phases of Ln6WO12 (Ln= Y,
Ho, Er, Yb) and the monoclinic phase of Ln2WO6 (Ln= Gd, Dy, Ho, Y,
Er, Yb). The experimental conditions of the data collection are described
and the thermal expansion is explained in terms of lattice parameter
and thermal expansion ellipsoid analysis, as related to the fundamental
structural constituents.
17
1.5 Figures and Tables
Figure 1.1 Phase Equilibria in Y2WO6.
18
Figure 1.2 Phase Equilibria in Y6WO12.
19
.Figure 1.3 Equilibrium conversion of CO2 decomposition [73].
20
Figure 1.4 Proton conductivities of various oxides with a perovskite or
fluoride-type structure as calculated from data on proton concentration and
mobilities [90].
21
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CHAPTER 2
STRUCTURAL PHASE
TRANSFORMATIONS
2.1 Overview
The study of phase transformations has an appeal to a wide spectrum of
the scientific community. Metallurgists, chemists, physicists, geologists and
a great many other scientists are interested in the state of aggregation of
atoms [91–96]. Because of the interdisciplinary nature of the subject, a variety
of nomenclature has been developed for the characterization of the types of
different phase transformations. Very often different terminology is used in
different fields to describe similar transformation phenomena. This reflects
the diversity of scientific interest and the different approaches taken by the
investigators. In physics, one is mostly interested in higher order transformations,
which are continuous and occur in single-component systems. Chemists,
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metallurgists and material scientists on the other hand, are more often concerned
with changes in the crystal structure, composition or order parameter of more
complex compositions. Geologists, while interested in similar phenomena,
typically study phase transitions in extreme environments and under considerably
longer time scales. While transformations are also observed in organic materials,
the nature of the atomic interactions leading to this behavior, in say, polymers,
is quite different than that in ceramics or metal alloys. For these latter two
groups of materials, however, phase transformations can be examined through
a common conceptual basis and as a result a unified classification scheme
can be developed for properly grouping different types of transformations in
these systems. These processes can be classified in several ways, based on
a set of thermodynamics, mechanistic and kinetic criteria, which are often
overlapping [91, 97, 98]. While a single classification scheme cannot encompass
every type of transformation observed in any variety of material, the following
classification is generally considered to be adequately far-reaching and generally
applicable.
2.1.1 Thermodynamic Classification
The classification was originally proposed by Ehrenfest [99] and is based on
the differentiation of a thermodynamic potential (usually the Gibbs free energy
function), with respect to an external variable (i.e. temperature or pressure).
The lowest derivative of this potential, which shows a discontinuity at the
transition point gives the order of the transformation. In the general case, for
an nth order transition
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∆(BnG
BTn
) /= 0; ∆(Bn−1G
BTn−1 ) = 0 at T = Tc
with G being the Gibbs free energy at standard pressure, and T c the equilibrium
transition temperature. For first- and second-order transitions, with n= 1 and
2 correspondingly, one has
∆G = 0; ∆(BG
BT
) = −∆S = ∆H
Tc
and
∆(BG
BT
) = −∆S = −(∆H
Tc
) = 0; ∆(B2G
BT2
) = 1
Tc
∆(BH
BT
) = ∆Cp
Tc
/= 0
From these equations, a graphical comparison can be made on plots of the
various thermodynamic quantities versus temperature (Figure 2.1). First-order
transformations are then characterized by discontinuous changes in entropy,
enthalpy and specific volume, with ∆H corresponding to the latent heat of
transformation. Second-order transformations on the other hand, do not
involve latent heat, as the above three quantities do not experience a
discontinuous change at the critical temperature. To include another external
variable, a multidimensional plot of the free energy versus pressure and
temperature can represent each phase as a continuous surface as shown in
Figure 2.2. The transformation condition between the two phases is then
defined by the line of intersection of the two surfaces. Additionally, if one
extrapolates the surfaces for each of the two phases away from equilibrium,
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the difference between their intersections with the free energy axis represents
the driving force for the transformation from one of the phases to the other.
This approach, however, is not adequate for second-order transformations, in
which case there is a single continuously evolving free energy surface. The
majority of phases encountered in metals and ceramics are of first-order.
Some examples of second-order transitions are chemical and ferromagnetic
ordering, which are usually described in terms of cooperative phenomena, with
an order parameter continuously decreasing as the temperature is increased
to the transition temperature (Figure 2.3). Any transition which exhibits this
continuous change in an order parameter can be described through Landau
theory [100]. It states that near the critical temperature, the free energy
difference, ∆G, between zero and finite values of the order parameter η, can
be expressed as a power series
∆G = Aη2 +Bη3 +Cη4 + ...
where the coefficients A,B and C are functions of temperature and pressure.
One way to illustrate the underlying differences between first- and second-order
transformations is through the corresponding Landau plots. For higher than
first-order transitions, the free energy is an even function of η, and therefore B
and all other coefficients of odd-powered terms are zero. Figure 2.4(a) shows
the free energy versus order parameter curves for higher-order transformations
at several temperatures, both above and below T c. When T > T c, there is only
one stable equilibrium at η = 0, which translates to a positive value of A. As
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the temperature approaches T c, the curvature (B
2G/Bη2) at η = 0 decreases,
and as the temperature is further lowered below T c, the curvature, as well as
the value of A, become negative. At this point the systems becomes unstable
and any infinitesimal fluctuation in η leads to a lowering of the free energy.
The negative curvature of the plot also implies that with increasing η, the free
energy decreases until a stable equilibrium is reached, the position of which is
defined by the minima corresponding to T < T c. The two identical minima
having the same positive and negative order parameter value correspond to
matching anti-phase domains in the same ordered system. Figure 2.4(b)
shows the Landau plot for a first-order phase transition, with B in the power
expansion expression not equal to zero. There are two minima in the ∆G
versus η curve at the transformation temperature. One is at η = 0, the other
at η = ηc, with the two being separated by a free energy barrier. As the
curvature remains positive at η = 0 (T =T c), the system is not unstable.
Increasing the order parameter will therefore, initially increase the free energy
until the peak of the barrier is reached. Because of this stability at or near
T c, a gradual transformation in a continuous manner to the minimum of the
free energy, as observed in the second-order process is not possible. Under
such conditions, a transformation can be initiated only if localized parts of the
system manage to cross the energy barrier and reach some value of η*, from
where on η can increases spontaneously. The creation of this localized product
region (where η ≈ ηc) is the nucleation of the new phase. The latter is separated
from the parent by a distinct interface, and any further growth is accomplished
through the movement of this boundary, i.e. the growth of these newly formed
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nuclei. The two free energy minima and the energy barrier between them near
equilibrium in first-order transformations results in a characteristic feature
of this type of process. This is the coexistence of the parent and product
phases, and the corresponding discrete nature of the transformation evolution
(via nucleation and growth). The same cannot be said about second- and
higher-order transformations, which being homogeneous by definition, do not
offer the ability to differentiate between a parent and a product phase and
eliminate the possibility of the formation of an interface between the two
phases. The main difference between the first-and second order transitions
is therefore the nature of the initiation and evolution of the new phase. In
the continuous/homogeneous processes this evolution from parent to product
phase is gradual, without any localized fluctuations in the structure or
thermodynamic properties anywhere in the system. This can only arise if the
system is unstable with respect to infinitesimal perturbations, which advance
the transformation and the free energy of the system decreases continuously
with the increase of these perturbations. A first-order process, on the other
hand, involves discrete transitions at equilibrium, which always include
nucleation and growth. It must be noted at the same time, that in the
first-order Landau plot at temperatures significantly smaller than T c the
curvature of the free energy plot becomes negative (T c >> T i in Figure 2.4(b)),
and G continuously decreases with increasing η. It is possible, therefore, that
at temperatures below T c first-order transformations can also proceed in a
continuous manner [91]. This, however, is not common for all such transitions,
but applies only to a rather limited group - spinodal clustering and ordering,
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and displacement ordering being some examples where this kind of behavior
is encountered under conditions away from equilibrium.
2.1.2 Mechanistic Classification
A classification introduced by Buerger in 1951 [101] and based on mechanisms
of evolution, separates the transformations into reconstructive and displacive.
A great deal of variations of this nomenclature have been developed since then,
some of them occasionally misleading. Metallurgists classify transformations
mechanistically into nucleation and growth and martensitic types. This has
caused some confusion, however, since all first-order transformations, including
martensitic, invariably include nucleation and growth. A clearer distinction
is presently utilized through the mechanistic separation of transitions into
diffusional (i.e. reconstructive or replacive) and displacive. The former includes
random atomic diffusional jumps from the parent sites to those in the product
lattice, which is achieved by the breaking of near-neighbor bonds at the interface.
The reconstruction is complete once the atoms are placed in their location
in the product phase, which is also how the product lattice grows. Atomic
movements in displacive transformations, on the other hand, do not involve
the breaking of bonds. Mechanisms such as homogeneous distortions or shuﬄe
of lattice planes for example, accompany the atomic rearrangement and help
preserve the near-neighboring coordination from the parent to the product
phase. A characteristic trait of this process is the cooperative movement of a
large number of atoms in a non-diffusional process. Displacive transformations
(martensitic included) are initiated by the formation of nuclei in the parent
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phase, which then grow by the movement of a shear front at a speed close to the
speed of sound in the material. To make the differentiation of the mechanisms
of atomic movements across the transformation front easier, Christian [92,
93] introduced the analogy between the movements in the displacive and
diffusional transformations with military and civilian movements correspondingly.
In the military case, the coordination between neighbors is preserved in the
product structure, even though the bond angles might change. An example
is showin in Figure 2.5(a), where a set of atoms (A, B, C, etc.) in the parent
lattice changes to that of the product.
If a lattice correspondence exists between the two phases (as it does in
displacive transformations), a vector defined by a sequence of atoms in the
parent phase, has a corresponding vector in the product, with the atomic
sequence preserved. The length of the vector and the interatomic spacings,
however, will most often change to reflect the new lattice dimensions. Another
way to view such a process is as as homogeneous deformation of the parent
lattice, with the example shown in Figure 2.5(a) experiencing a simple shear,
shown by arrows. In determining the transformation pathway, it is the sequence
lattice correspondence-shear relation that one needs to clarify (shuﬄe and rigid
body rotation will be added shortly). Figure 2.5(b) is an example of identical
arrangements of lattice sites for the product and parent structures, but with
different lattice correspondence. The rows determining a unit in the parent
(MNO and MQR) are shown in both sides. It is quite obvious, however, that
the product structure is the result of both shear (homogeneous deformation)
and a shuﬄe. The former transforms the parent MOPQ shape in the product
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M’O’P’Q’ equivalent, while the latter shifts the N atom to its new position N’.
The most obvious way to experimentally confirm the preservation of atomic
coordination in a displacive process is to ensure that the chemical order present
in the parent is identical to the one observed in the product. This in turn
translates in a similar correspondence between the crystallographic planes of
the two phases. This relationship is manifested by the fact that each vector,
plane or unit cell in the parent has a corresponding vector, plane and unit
cell in the product. In the general case, however, the matching vectors and
plane spacings are not equal in each phase, as is the case with the angular
relation between pairs of lattice vectors. One should note, at the same time,
that lattice correspondence by itself does not necessarily imply any orientation
relationship between the two structures. A rigid body rotation between the
two structures might also be involved.
The above described lattice correspondences are not present in diffusional
transformations. There are often cases when the chemical composition of the
two phases match and an orientation relationship also exists. However, the
random nature of the atomic jumps through which the product phase grows
prevents the lattice correspondence to be maintained. The basic difference
between displacive and diffusional transformations is illustrated in Figure 2.6
The lattices during the two types of transformations are shown, with the
transformation front, advancing by a single layer, separating the parent (atoms
labeled A, B, C, etc.) and product (A’, B’, C’, etc.) phases. The obvious
difference between the two types is the fact that in (b) the atomic sequence is
not preserved. This occurs as each atom breaks the bonds with its neighbors
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and relocates to a new position in the parent phase, which corresponds to
a point of the lattice on the parent structure. The jumps of atoms A, B,
C, etc. are random and independent of the movement of the neighboring
atoms as would be the case in displacive transformations (Figure 2.6(a)). It is
this breaking of bonds in the parent and their eventual reconstruction in the
product phase that implies the reconstructive or replacive nature of diffusional
transformations.
2.1.3 Kinetic Classification
Another method of classifying phase transformations is according to the kinetics
involved in the transition process. The most important criterion used for
differentiation is the need for thermal activation. In first order transformations,
thermal activation concerns the growth of the product nuclei and the propagation
of the interface between the parent and product phases. The latter can be
either thermally activated or athermal. Unlike the thermal process, in the
the athermal one, thermal fluctuations are not required for atomic movement
across the interface [92, 93, 96, 98].
Another perspective on the kinetic classification which was offered by Le
Chatelier [102], separates phase transformations in (a) nonquenchable and (b)
quenchable, or rapid and sluggish correspondingly. The former includes the
transitions which are so fast, that the high-temperature (or high-pressure)
parent phase cannot be retained at ambient conditions, regardless of the
quenching rate. The sluggish ones, on the other hand, are slow enough
so that the high-temperature phase can be preserved on quenching. This
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classification is also related to the requirement for thermal activation, which,
however, is affected by the continuously improving experimental capability to
rapidly change temperatures and pressure. As such, the above classification is
somewhat absolutist. Still, in a truly displacive transformation, the evolution
of the product phase occurs by the displacement of a shear front, the movement
of which does not require thermal activation. The nature of the nucleation
step in heterogeneous transformations is another criteria which can assist in
establishing the type of a certain transition. While in the diffusional category,
the thermally activated nucleation is a universal requirement, in the displacive
types that is not necessarily the case. A martensitic transformation can have a
thermally activated or athermal nucleation step [103–106]. In the former case
the fraction of martensite grows with time at constant temperature between
the start and the finish of the transformation, while the athermal formation is
independent of the duration of exposure.
2.1.4 Classification Summary
Additionally, each category of transformations can be further divided into
subgroups. Diffusional transformations take the shape of precipitations,
amorphous-to-crystalline transitions and eutectoidal reactions, massive, as well
as certain types of polymorphic transformations. Another subset of diffusional
transformations is the replacive type, in which atoms in the parent lattice are
replaced, but the lattice itself is not changed. Chemical ordering and the
subsequent formation of a superlattice is a typical example, where no lattice
reconstruction is involved, but rather short-range atomic rearrangement on
33
the already present lattice sites only [91–93]. This introduces another broad
classification criteria for diffusional transformations - the magnitude of the
diffusion lengths involved. In processes where the composition is not changed,
the random atomic movements are only across the progressing transformation
front. The distances involved, therefore, are on the order of nearest neighbor
spacings. As such, these transformations are characterized as short-range
diffusional. Long-range diffusion, on the other hand, is involved when the
chemical composition of the parent and product are different and is prompted
by large-scale concentration gradients across the parent system.
The displacive kind can be broadly subdivided into lattice strain or
shuﬄe-dominated type, depending on the extent of the effect of each mechanism
on the transformation progress.
Homogeneous transformations can, on the other hand, be further classified,
depending on the type of waves, which, by their amplification, represent the
evolution of the transition, as well as the wavelength characterizing these
waves.
In many cases the previously introduced classifications overlap with each
other, or are not sufficient to fully describe certain transformation phenomena.
The fundamental parameters, being thermodynamic, mechanistic or kinetic,
however, do apply to a significant extend to most known transitions. By
taking all these characteristics into account, a cumulative classification scheme
has been introduced by Roy [102], which also introduces a ”mixed” type of
transformation as shown in Figure 2.7.
The mixed nature is attributed to the co-existence of pre-transition effects
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characteristic of second order transitions with abrupt discontinuity of
thermodynamic functions at the point of transformation. Modulations in
chemical composition or displacement are what usually contributes to the
second order character of the process, but according to strict thermodynamic
definition they should still be considered first order. One example of such
processes can be the simultaneous or sequential ordering and clustering occurring
in supersaturated intermetallic solid solutions. The conditions for these events
are explained in terms of instabilities associated with the respective ordering
and clustering wavevectors [107–109]. In systems where both ordering and
clustering instabilities are involved, the transformation sequence can develop
in three ways. The system may be more unstable with respect to one of
the two mechanisms, which results in that reaction proceeding first. Or both
tendencies are exhibited equally strongly, therefore occurring at the same time.
The relative kinetics, however, do not have to be equal. Regardless of the
nature of the transformation, the defining mechanisms of atomic movements
are not easy to observe through direct experimental methods. The growth
process instead, is inferred from a variety of approaches, most often including
crystallographic, microstructural and kinetic considerations. The resultant
observations, such as lattice correspondences, shape changes, atomic order
preservation, thermal or athermal nature of the process and phase co-existence,
often constitute a good guide for explaining the role of the atomic kinetics in
the growth mechanism of the transformation, and have in general been adopted
as standard tools for the study of transformation phenomena. A summary of
the different classification schemes is presented in Figure 2.8 (adapted from
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[91]).
2.2 Phase Transformations in the Refractory
Rare-Earth Tungsten Oxides
While the existence of various compositions in the rare-earth tungstate system
has been the subject of numerous studies [4, 10, 12, 23–26, 48, 110–114]
the phases and transformations observed in each composition have attracted
much less attention. The phase relations in several compositions have been
investigated to various extent, with the Y2O3-WO3 system being the most
studied. While investigating compound formation and thermal stability in
the Y-W-O system, Borchardt was the first one to quench (from 1700 ○C)
the high-temperature phase of the 3:1 composition and index it on the basis
of a face-centered cubic cell. In 1980 Kuribayashi et al. [115] confirmed
the presence of this phase through in situ X-ray diffraction (Figure 2.9) and
narrowed down the transformation temperature on heating. They also managed
to quench the high-temperature phase, but were able to reverse it back to
rhombohedral on slow cooling too. It was during this study that the disordered
nature of this face-centered cubic phase was suggested.
Both of these studies, however, were limited by the high-temperature of
the processing methods utilized to obtain the samples. It was not until 1998,
when Yoshimura et al. [36] used a polymerized complex method to obtain
a low-temperature phase at just above 600 ○C and noticed its conversion to
rhombohedral above 1200 ○C (Figure 2.10). The structures of the corresponding
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phases are summarized in Figure 2.11.
The equivalence of the high- and low-temperature cubic phases was also
suggested in this study, as were the corresponding disordered-ordered-disordered
cation and anion sublattices in the low-temperature fcc, rhombohedral and
high-temperature fcc phases respectively, as well as the coordination of the
W- and Ln-centered polyhedra (Figures 2.11 and 2.12). Aside from the
determination of the structure of the rhombohedral phase in 2001 by Diot [34],
no other structural studies have been conducted on the heavy Ln6WO12. All
further investigations have been focused on this phase only, with the object
being specific application-related properties (i.e. ionic conductivity, optical
excitation, heat capacity, etc.).
Limited phase stability studies were also conducted on La6WO12 [116] and
Sm6WO12 [28, 117]. In the former case the only conditions under which this
composition was observed was at temperatures above 1740 ○C (bcc lattice) and
below that it would decompose into a mixture of 5:2 La2O3:WO3 and La2O3.
In 2001 Shimura et al. [82] obtained the same phase by solid state sintering
at 1550 ○C, with no other phases reported in this composition so far. In 1966
Chang et al. [117] prepared Sm6WO12 again by solid state methods at 1700
○C, but did not observe any evolution of the initial pyrochlore structure up to
the compound’s melting point of 2240 ○C.
The most complete phase equilibria study of the 1:1 compounds was done
on Y2WO6. Four phases have been reported by different authors (Figure
1.1), namely a monoclinic at lower temperature [112, 113], tetragonal at high
temperature [23], an intermediate orthorhombic phase [25, 118, 119] and a
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metastable monoclinic phase [23]. Another low temperature tetragonal has
been recently prepared by Huang [26], and despite the lattice parameter
similarity with the high-temperature tetragonal phase no equivalence between
the two has been suggested. It should be noted here, that despite the large
number of different phases observed in this composition, they were all obtained
under different conditions by different experimenters. No successful effort has
been made so far to observe all known phases in a repeatable sequence in a
single sample. The most successful attempt was done by Kuribayashi [115],
the cumulative results from which are the basis for Figure 1.1. While the low
temperature monoclinic and intermediate orthorhombic structures are also
adopted by all the compositions in the range Gd-Yb, in neither of them have
transformation studies been conducted to link the two phases. The monoclinic
phase, being the predominantly observed one, exists under C2/c and P2/c
symmetries in the Pr-Dy and Ho-Lu + Y compositions correspondingly (some
compositions have been known to exhibit both structures). The structure of
the C2/c phases is shown in Figure 2.13, while that of the P2/c symmetry is
displayed in Figure 2.15. The polyhedral types observed in both are seen in
Figures 2.14 and 2.16.
Only in La2WO6 and Ce2WO6 is the situation somewhat different. There
are two phases in the former, low-temperature monoclinic β [114] and high
temperature orthorhombic α [27], and the reversible transformation between
them has been observed by Allix et al. [27] by both differential scanning
calorimetry and in situ X-ray diffraction. The focus of their study however,
was the solution of the high-temperature structure, rather than characterizing
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the phase transformation, so not much is known about the nature of the
transition process. In Ce2WO6 it was Yoshimura [114] who noticed three
phases, namely a metastable low-temperature (symmetry not specified) γ,
intermediate monoclinic α and high-temperature tetragonal β, with the
corresponding transition temperatures being 1200 and 1360 ○C. All studies in
this system were done under inert atmosphere, with the main goal being, again,
to establish phase stability rather than investigate transformation mechanism.
Overall, in both Ln6WO12 and Ln2WO6 so far the structurally-motivated
interest has been in establishing phase stability for a certain composition and
investigating the structures of individual phases with interesting properties.
Very little attention has been directed towards in situ studies of either
transformations or thermal expansion.
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2.3 Figures and Tables
Figure 2.1 Changes in the thermodynamic quantities, free energy, enthalpy and
specific heat at the transition temperatures corresponding to first- and second-order
phase changes [91].
40
Figure 2.2 Free energy surfaces for two phases, α and β as a function of pressure
(P) and temperature (T ). The projection of the line of intersection of the two
surfaces on the P -T plane represents the α-β phase boundary in the P -T diagram
[91].
41
Figure 2.3 Order parameter (η) versus temperature (T ) plots for a (a) second
order and (b) first-order transitions [91].
42
Figure 2.4 Free energy as a function of order parameter (η) for (a) second-order
and (b) first-order transitions. In the case of a second-order transitions, the parent
phase becomes unstable, (B2G/Bη2) < 0 at η = 0 at the transition temperature, T c,
which is the same as the instability temperature T i. For some first-order transitions
an instability temperature T i (which is much lower than the equilibrium transition
temperature T c), can be identified where the parent phase becomes unstable at η
= 0 [91].
43
Figure 2.5 Schematic illustration of lattice correspondence in a 2-D lattice.
Though the parent and product lattices in both (a) and (b) are identical, the lattice
correspondences in the two cases can be distinguished if the dots representing the
atoms occupying the lattice sites can be labeled. It is through the establishment of
the lattice correspondence that the nature of the homogeneous shear or shuﬄe, if
required, can be identified [91].
44
Figure 2.6 Schematic diagram of atom movements across the transformation front
in a (a) displacive transformation; (b) diffusional transformation [91].
45
Figure 2.7 Syncretist classification scheme of phase transformations based on
mechanistic (structural), thermodynamic and kinetic criteria (adapted from [91]).
46
Figure 2.8 Phase transformations classification tree (adapted from [91]).
47
Figure 2.9 Portions of high-temperature X-ray diffractograms of 3Y2O3 ⋅ WO3.
Temperature was increased from (A) to (C) and decreased from (C) to (D); C =
cubic phase and R = rhombohedral phase [115].
48
Figure 2.10 XRD patterns of samples calcined at different temperatures for 2
h: (a) 350○C, (b) 400○C (c) 450○C, (d) 600○C, (e) 800○C, (f) 1000○C, (g) 1200○C,
(h)1400○C [36].
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CHAPTER 3
EXPERIMENTAL
APPROACH
Details characteristic of each phase of this study will be given in the respective
chapters. Included below are overviews of the main experimental methods used
in this work, covering their description and reasons for selection. In addition
the equipment essential for obtaining the results discussed in Chapters 4, 5, 6
and 7 has been briefly introduced.
3.1 Synthesis
With the nature of the studies in mind, the main requirement for the synthesis
method was to produce pure crystalline phase at the lowest temperature
possible. While sounding rather straightforward, this prerequisite eliminates
the still widely utilized solid state processing approach and focuses on the
less conventional wet chemistry techniques. Of these, the polymeric steric
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entrapment method [120] was selected due to its excellent ability to fulfill
this basic condition in a very economical and convenient manner. In this
process a long-chain polymer such as polyvinyl alcohol (-[CH2-CHOH]n or
PVA) or (poly)ethylene glycol (H[O-CH2-CH2]nOH or (P)EG) were utilized as
organic carriers for the entrapment of cations supplied by, most often, nitrate
precursors. More experiment-specific synthesis details will be provided in the
following chapters, but an overview of the method as applied to the current
study is presented in Figure 3.1.
Depending on the precursor materials, either water or ethanol can be used
as the solvent. When water-soluble nitrates are used, PVA and PGA can be
used as the carrier. If, as in this case, one of the precursors is not soluble
in water (WCl2), ethanol was the choice for solvent. The entire process from
mixing to calcination took less than 24 h and rarely involved temperatures
over 750○C. After a short grinding of the calcined product in a mortar and
pestle, a very fine and pure powder was obtained.
3.2 Thermal Analysis
3.2.1 Differential Scanning Calorimetry
When the most powerful in-situ techniques (i.e. in situ XRD/neutron diffraction,
environmental TEM, etc.) are not immediately available, the best and most
convenient tool to observe structural phenomena, as it happens, is differential
scanning calorimetry (DSC). This technique consists of measuring the change
in the difference in the heat flow rate to a sample and a reference, while both are
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simultaneously subjected to the same controlled temperature program. It is
used for applications as varied as basic materials characterization, comparison
measurements, stability and purity determination, and a variety of kinetic
investigations [121]. The most obvious advantage of the process is that it allows
the quick and relatively easy measurement of important thermodynamic and
kinetic variables (reaction heats, heats of transition, heat flow rates) as they
are changing, within wide temperature ranges, under a variety of atmospheric
conditions, and require a very small amount of sample. This makes it very
valuable for the study of solid state phase transformations as there is an
obvious difference in the enthalpy and heat capacity behavior between first-
and second-order transitions (Figure 3.2).
Other easily detectable fundamental characteristics range from onset and
ending temperatures, to type of thermal exchange (exo or endo), duration
of the process, reversibility, and the presence of a hysteresis. Trends with
changes in composition are also easily detected, as are optimal crystallization
and synthesis conditions. The requirements for optimal sample processing
underline the importance of DSC studies when coupled with thermogravimetry.
The latter provides information on whether, when and how many volatile
compounds are involved in the thermal evolution of the sample. When the
evolved gases are of importance the DSC/TG system can be connected to
a gas analysis system (i.e. IR or mass spectrometer) in which the products
are analyzed. The advantage of these simultaneous measurements is that the
sample is investigated under identical conditions, while diverse information
about the ongoing processes is collected using a single experimental run [122].
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3.2.2 Dilatometry
While offering a more limited spectrum of information than DSC, dilatometry
is nevertheless another useful in situ technique which provides insight in
high-temperature structural phenomena. It is a thermo-analytical method
used to measure the expansion or shrinkage of solids, powders or pastes during
heating or cooling. An accurate understanding of this behavior can offer insight
on linear thermal expansion and its temperature coefficient, the influence
of additives on raw materials, densification and sintering properties, phase
transformations, reaction kinetics, resistance to thermal shock and optimization
of firing processes. The most obvious signs used to distinguish between first
and second order transformations using dilatometry are the behaviors of the
linear thermal expansion and the thermal expansion coefficient. The right
section of Figure 5.1 offers a comparison between the two, which is at the
same time matched with the corresponding DSC signals on the left.
Unlike DSC, the sample preparation requirements for dilatometry are more
demanding and include significantly more sample, high density, proper shape
and dimensions, thermal stability and careful consideration of the thermal
history (i.e. sample sintering temperature should not approach transformation
temperature). Nevertheless, the results are often as useful and more clear than
the ones obtained through calorimetry.
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3.3 High-Temperature In Situ X-ray Diffraction
The more accessible of the two most popular structural in situ techniques (the
other being neutron diffraction), HTXRD offers both the depth and variety of
investigative capabilities, which are usually required to adequately describe
a typical structural transformation. HTXRD can achieve this by having
the ability to directly observe the evolution of a structure as a function of
temperature. This of course assumes the fulfillment of a number of demanding
experimental conditions, and as importantly often builds up on previous
analytical results. High brilliance synchrotron sources coupled with fast
high-resolution detectors provide high precision structural data, while tunable
beamline optics and a variety of environmental chambers offer significant
flexibility for the conduct of research. Unless very light elements, or elements
with similar scattering cross section are involved, HTXRD can capture the
majority of transformation-induced structural changes, which makes it especially
suitable for studying this kind of phenomenon. This is especially the case for
studying processes at very high temperatures, since neutron diffraction due
to sample geometry requirements is more limited in that aspect - both in
variations in temperature and atmosphere.
3.4 Data Analysis
A wide variety of analytical software is available for the extraction of pertinent
crystallographic information from XRD data. The choice for the optimal
tool depends on the nature of the investigation and specific experimental
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conditions. Since in the case of Ln6WO12 and Ln2WO6 no unknown phases
were expected and there were reliable models for all documented structures
(or at least for one belonging to a member of isostructural family), the best
approach for their structural investigations was the utilization of Rietveld
refinement. This method is a least squares refinement procedure, in which
experimental step-scanned values are adapted to calculated ones by the
variation of a number of parameters. The latter are broadly grouped into
background, peak position, intensity and shape categories, in addition to the
experimental variables. Since the Rietveld method is not a crystal solution
tool, it does require previous knowledge of the structure and the starting values
of the above mentioned parameters must be reasonably close to the final ones.
However, once the experiment has been appropriately conducted and sound
structural models are available, this refinement technique can prove to be a
very powerful tool for extracting structural details from diffraction data.
3.5 Instrumentation
3.5.1 In Situ Diffraction
Beamlines and Detectors
In situ HTXRD experiments were conducted at the beamlines of two synchrotron
facilities. One was beamline 33-BM-C at the Advanced Photon Source and
the Argonne National Laboratory, Argonne, IL [123] and the other beamline
X-14A at the National Synchrotron Light Source at Brookhaven National
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Laboratory, Upton, NY [124]. Both support a variety of scattering and
diffraction techniques, but for the purpose of this work they were utilized
for powder diffraction exclusively. Each beamline is a bending-magnet source
type, with resolution (∆E/E in the range of 1-2×10−4 and flux (photons/sec) of
1-2×1012. 33-BM-C was utilized at energies of approximately 22.5 keV, while
X-14A at 15.9 keV. A four- and six-circle Huber diffractometer was equipped
at each, respectively, and both could accommodate the installation of a variety
of heating chambers, particularly a very high-temperature optical furnace. All
measurements for this work were conducted in transmission geometry. The
detector used at 33-BM-C was developed specifically for use in the Kriven
group and designed for fast, high-resolution phase transformation studies
conducted at powder diffraction beamlines (Figure 3.4). It was a one-dimensional
curved image-plate detector (CIPD) which could simultaneously record
high-resolution diffraction patterns over a 39○ 2θ range [125]. Along with
excellent linearity, uniformity and dynamic range, it had a built-in reader
which allowed the rapid extraction, transfer and storage of intensity information,
making the entire data acquisition process for a single exposure (sample
absorption depending) last less than one minute. The instrumental resolution
compared to that of an analyzer when measured using LaB6 and 0.1mm
capillary (≈ 0.004 vs. 0.007 degrees FWHM at 0.7006 A˚). A standard, planar,
semiconductor-based Si strip detector was utilized at beamline X-14A at NSLS.
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Quadrupole Lamp Furnace
The quadrupole lamp furnace was developed by the Kriven group at UIUC
with the specific intent of achieving very high-temperatures (≈ 2000 ○C) while
heating in air [126]. The thermal image of the four halogen lamps mounted on
a brass, water-cooled housing (Figure 3.5) formed a hot spot, which coincided
with the intersection of the sample and X-ray beam.
The furnace can be utilized in transmission and reflection geometry, with
both powder and solid samples. The furnace power supply output was controlled
by a thermocouple sitting above the hot zone, while the power supply controls
were integrated with those for the beamline optics and the detector. Before
mounting each sample was mixed with Pt powder, which served as an internal
thermometer and indicated the actual sample temperature. The ceramic
powders were then lightly packed in a sapphire capillary (600 ± 100 µm inner
diameter) which acted as sample holder. Thus arranged, the
sample-furnace-beamline geometry allowed heating and data collection in air
up to 2000 ○C.
3.5.2 Thermal Analysis
The equipment used for the calorimetry measurements was a a Netzsch STA
409 CD simultaneous thermal analyzer (Netzsch Instruments, Selb, Germany).
It allowed measurements in a dynamic air atmosphere up to temperatures
of 1550 ○C for both scanning calorimetry and thermogravimetry purposes.
It could accommodate both powder and solid samples (10-20 mg typically
required), which were placed in alumina or Pt crucibles sitting on a sample
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holder/sensor, with the entire assembly contained inside a protective alumina
tube. Heating rates could vary from 1 to 50 ○C/min, with resolutions of 2
µg and < 1µW for TGA and DSC respectively. Thermal expansion of solid
samples was measured with a Netzsch 402 E dilatometer equipped with a
high-temperature graphite furnace. Measurements were conducted in inert
atmosphere with identical heating rate range as the STA. The measuring range
was between 500 and 5000 µm, with a ∆l resolution of 1.25 nm. When in
the high-temperature regime, an optical pyrometer maintained temperature
control, otherwise a type S thermocouple is used. The samples could range
from 10 to 25 mm and were housed in a graphite sample holder.
64
3.6 Figures and Tables
Figure 3.1 Overview of the polymeric steric entrapment method as applied to the
synthesis of Ln6WO12 and Ln2WO6.
65
Figure 3.2 Enthalpy and heat capacity as a function of temperature for (a) first
and (b) second order and lambda transformations. Lambda transformation behavior
is shown with dot-dot-dashed lines [121].
66
Figure 3.3 DSC (solid) and TG (dashed) curves of Ba2In2O5 (left). The
corresponding thermal expansion and thermal expansion coefficient plots are shown
on the right [127].
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Figure 3.5 The quadrupole lamp furnace mounted at the 33-BM-C diffractometer
at APS, Argonne National Laboratory, Argonne, IL [126].
69
CHAPTER 4
THE L-FCC TO
RHOMBOHEDRAL
TRANSFORMATION IN
LN6WO12
4.1 Objectives
This part of the study was aimed at understanding the transformation of
the low temperature face centered cubic (l -fcc) to the rhombohedral phase in
Ln6WO12 (for Ln= Y, Ho, Er and Yb) by high-temperature X-ray diffraction.
The objective was to provide an in-situ description of the transformation, to
include order, growth mechanism and unit cell behavior, based on crystallographic
changes observed throughout its evolution. In addition, the effect of Ln cation
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type on the transformation properties is also presented.
4.2 Experimental Conditions
4.2.1 Synthesis and Preliminary Characterization
An organic steric entrapment method [120] was used to synthesize Ln6WO12
(Ln= Y, Ho, Er and Yb). Stoichiometric amounts of rare earth nitrate
pentahydrate (Ln(NO3)3⋅5 H2O), tungsten chloride (WCl6) and ethylene glycol
(C2H6O2, EG) all from Aldrich Chemical Company, Milwaukee, WI, were
separately dissolved in ethanol (Fisher Scientific, Fair Lawn, NJ). Representative
precursor amounts for the preparation of Y6WO12 and Y2WO6 are presented
in Table 4.1. The three solutions were then mixed and the resulting solution
was stirred for 5 h, followed by heating at 90 ○C to remove approximately 75
% of the ethanol by volume. The remaining mixture was dried at 120○C for 24
h, to form a porous, sponge-like material. The dried product was ground in an
alumina mortar and pestle and calcined at 750 ○C for 1 h. After calcination,
the powder was once again ground using an agate mortar and pestle, before
additional heat treatment at 1000 ○C, 1100 ○C, 1200 ○C, 1300 ○C or 1400
○C (all 10 ○C/min heating and cooling rates) to observe crystallization and
phase development. The densities of powder samples were measured by helium
pycnometry (Accupyc II 1340, Micromeritics, Atlanta, GA), while particle
size distributions were determined by laser diffraction using a Horiba LA-950
particle size analyzer (Horiba, CA).
Crystalline phase composition of the samples was examined by powder
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X-ray diffraction (XRD) with a Bruker D5000 diffractometer (Bruker AXS
Inc., Madison, WI), using Cu K radiation (40 kV, 30mA). XRD patterns were
acquired in the 5○ to 65○ range with a scanning speed of 1○/min and a sampling
increment of 0.02○ in 2θ. The crystalline phases were identified using the
Inorganic Crystal Structure Database (ICSD v. 2011/1, National Institute
of Standards and Technology, Gaithersburg, MD; Fachinformationszentrum
(FIZ), Karlsruhe, Germany).
Differential scanning calorimetry (DSC) studies were conducted on powder
samples using a Netzsch STA 409 CD simultaneous thermal analyzer (Netzsch
Instruments, Selb, Germany). For these studies, the powders were preheated
to 1000 ○C for 7 h. The samples were placed in Pt-Rh pans and a DSC
signal was acquired while heating in air under dynamic and isothermal heating
conditions. Dynamic measurements were carried out over a temperature range
of 25○C to 1500 ○C, with heating and cooling rates of 2, 10 and 20 ○C/min for
three separate runs, while isothermal studies were performed at 1200, 1225,
1250, 1300 and 1325 ○C, for 6 h at each temperature.
4.2.2 In Situ Diffraction Experiments
In situ studies were done on powder samples (preheated to 1000 ○C for 7 h), up
to a maximum temperature of 1650 ○C in air. All measurements for this study
were conducted at the X14-A beam line [124] at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory, Upton, NY. A
quadrupole lamp furnace (QLF) [126] was utilized to heat the samples and
a linear Si strip position-sensitive detector was used to acquire high-resolution
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XRD patterns over a 2θ range of 5○ to 45○. The sample to detector distances
and X-ray wavelength were calibrated with a LaB6 powder standard (SRM
660a, National Institute of Standards and Technology, Gaithersburg, MD).
The wavelength of the incident monochromatic X-rays used in these studies
was determined to be 0.7718 A˚.
Powder samples of Ln6WO12 were mixed in a mortar and pestle with
Pt powder (99.99% pure, Aldrich Chemical Company, Milwaukee, WI) in
approximately 90:10 weight ratio. For high temperature measurements, the
sample-Pt mixture was mounted in sapphire capillaries and heated using the
QLF. Sample temperature was determined from the expansion of the Pt lattice.
All samples were heated from room temperature to approximately 1650 ○C, in
steps of 100 ○C up to 1000 ○C, and in 10 ○C steps around the transformation
region. XRD patterns were acquired at each programmed temperature step.
The acquired X-ray data was analyzed by whole-pattern fitting and Rietveld
methods [128] using the program Jade (Materials Data Incorporated, Livermore,
CA). The Inorganic Crystal Structure Database (ICSD) was used for crystalline
phase identification. The lattice constants, background, scale factors, profile
function parameters, and overall thermal displacement factors were refined for
each phase; atomic site occupancy factors were not refined. Crystallite size
and strain were also estimated for each phase, using the full widths at half
maxima of fitted profiles and the Scherrer formula [129].
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4.3 Results and Discussion
4.3.1 Preliminary Characterization
Most of the published reports on the 3:1 Ln2O3:WO3 compounds, with a few
exceptions [130], used samples which were prepared by the solid state reaction
method. Phase purity of samples prepared by solid-state methods is a concern
due to the large thermal stability difference between Ln2O3 and WO3 [12,34].
Furthermore, the existence of several stable ternary oxides, regardless of the
initial mixing ratios [21], can also compromise the synthesis of pure single
phases by such methods. The steric entrapment method used for the synthesis
in this study, on the other hand, allowed for atomic-scale mixing of precursors,
resulting in the formation of pure 3:1 phase. The XRD patterns for Y6WO12
samples calcined at 750 ○C and additionally heated to 1000, 1100, 1200, 1300
and 1400 ○C, all for 1 h duration each, are shown in Figure 4.1. In samples
that were heated up to 1200 ○C a disordered cubic fluorite phase [36] was the
only phase observed, and it transformed to a rhombohedral phase on heating
to 1400 ○C. Prolonged heating of Y6WO12 powders at 1200 ○C (15 h) resulted
in a significant increase in the amount of rhombohedral phase (58.4 wt%, XRD
pattern not shown).
In order to examine the influence of starting particle morphology on the
transformation properties, the calcined powder (at 750 ○C) was attrition milled
before heating it further at 1200 ○ or 1300○C for 1 h. The mean particle sizes
of the powders before and after attrition milling was 5.72 ± 15.3 µm and 0.54± 0.85 µm, respectively. The attrition milled powder when heated at 1200
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○C for 1 h did not show any evidence of the rhombohedral phase, however,
when it was heated at 1300 ○C (1 h), a remarkable increase in the amount of
rhombohedral phase content (56.8 wt%) was observed in comparison to the
unmilled powder heated under the same conditions (23.3 wt%).
These results are helpful in reaching some important conclusions. First,
using the steric entrapment method it was possible to synthesize a cubic
fluorite phase after heat treatment at temperatures as low as 750 ○C. Second,
the cubic-to-rhombohedral transformation was thermally activated. This
transformation can be induced by either a longer heating duration or by
reduction in the particle size and/or increase in the surface area. The effect of
the duration of heat treatment on the phase transformation is consistent with
the work of Yoshimura et al. [36], where the transformation was first observed
after 2 h at 1200 ○C. In their studies on Er6WO12, Escola´stico et al. [131] have
also reported a rhombohedral phase after 4 h of heating at 1200 ○C. Increased
surface area and consequently a larger defect population provides additional
nucleation sites which are conducive to nucleation and growth-type
transformations [96]. The transformation proceeded at a sluggish rate over
a wide temperature range extending from 1200 ○C, when the rhombohedral
phase was first observed (after extended heating only), to ≤ 1400 ○C. While a
large transformation temperature range is characteristic of some second order
transformations, it has also been observed in continuous, diffusion-controlled,
first order transformations [91].
The density of the sample treated at 1400 ○C was measured as 5.86 ± 0.01
g/cm3 using pycnometry. This value is within 1% of the crystallographically
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determined density of 5.91 g/cm3, which was calculated from the refined crystal
structure of the rhombohedral phase.
Comparison of the measured (using pycnometry) and the calculated
(crystallographic) density of the fluorite phase was less straightforward.
According to Yoshimura et al. [36], in a stoichiometric fraction of the
(Y6W)(O12◻2) unit, two oxygen vacancies exist per formula unit (Z) in the
rhombohedral unit cell [34]. These are randomly distributed with cation and
oxygen - vacancies on the corresponding sublattices of the fluorite structure.
Assuming this model, the calculated density was 5.60 g/cm3, which is 3% less
than the experimentally measured value of 5.76 ± 0.01 g/cm3. The presence
of oxygen vacancies in the rhombohedral structure is commonly
acknowledged, and the randomization of these vacancies in the fluorite type
structure has been proposed as a reason for the rhombohedral to face-centered
cubic transformation at high temperatures [132]. The presence of oxygen
vacancies in the low-temperature fluorite phase has been deduced by analogy
with the high-temperature fcc (h-fcc) structure. An empirical comparison
between the l -fcc and the h-fcc structures of the two fluorite phases, however,
has not been performed.
Alternately, oxygen deficiencies in fluorite-type structures may result due
to the formation of discontinuity surfaces by a shear mechanism [133]. Such
oxygen vacancies can be accommodated without the modification of the crystal
lattice, while still affecting the measured density of the material. Other
structures which exhibit this feature include compounds in the (Mo, W)nO3n−1
system [134].
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4.3.2 Thermal Analysis
The plots in Figure 4.2 (a) and (b) show results from the dynamic and
isothermal DSC studies conducted on the l -fcc phase of Y6WO12. No distinct
change in enthalpy was observed even though all but two of the samples
completely transformed into the rhombohedral phase upon heating. Comparison
with literature was not feasible, as most of the reported thermal analysis
studies were performed on rhombohedral phase samples [28, 115–117], were
either focused on determining the melting temperature, or were conducted up
to temperatures below that of the transformation [87, 131]. In their studies on
the calcination/crystallization behavior of Y6WO12 using TG-DTA methods
up to about 1250 ○C, Yoshimura et al. have also not observed any distinct
features in the DTA curve.
The absence of any significant changes in the enthalpy with temperature
is common in the case of second-order transformations, or for transformations
where the enthalpy change is spread over a wide temperature range [135].
Mixed type of transformations, or more specifically a first order transformation
with an intrinsic instability temperature, at which the transformation initiates
in a continuous manner up to the critical temperature [91, 136], can certainly
show a similar behavior in the enthalpy change.
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4.3.3 In Situ HTXRD
Crystalline Phase Evolution
The fcc-to-rhombohedral transformation involves the ordering of cations and
anions, together with the oxygen vacancies on the fcc lattices of the
low-temperature structure. Replacing two of the oxygen atoms along the
three-fold axis (the two anions above and below the anion cube surrounding a
W-atom on that axis) in the fcc cell with two oxygen vacancies destroys the
cubic symmetry and introduces the rhombohedral distortion [34, 132]. The
cation ordering occurs in the (111) plane of the fcc phase, which becomes
the (111) in the rhombohedral cell, i.e. the (0001) hexagonal equivalent. It
should be noted here, that although the rhombohedral phase does not have a
hexagonal symmetry, it is at times useful to consider the structure from this
perspective. While ordering is generally first order in nature, second-order
behavior for such reactions has also been reported [91, 92]. Neither DSC
measurements nor ex-situ XRD experiments can conclusively establish the
first or second order nature of the ordering phenomenon.
The (0001) layers consist of hexagonal rings of Y-atoms centered on a
W atom, with the layers stacked in the ABC sequence typical for the (111)
planes in fcc structures 2.11. The ordering also introduces a shift in the
location of the Y-atoms from being perfectly planar in the fcc phase, to being
displaced, up (positive) or down (negative), along the hexagonal c-axis. These
positive and negative displacements alternate in the adjacent Y-atoms in the
hexagonal ring, with the W atom located at the center. The relatively small
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displacements of the involved atoms during transformation (W-atoms move
about twice their l -fcc spacing, Y-atoms even less), would be consistent with
either displacive or short-range diffusion (i.e. interface-controlled) processes
as likely mechanisms leading to this transformation.
The in situ XRD results on heating for Y6WO12 are shown in Figure
4.3, where the rhombohedral phase was first observed at 1247 ○C, and the
l -fcc phase was completely transformed by 1373 ○C. The corresponding phase
content is presented in Figure 4.4. As the rhombohedral content at 1247 ○C
was already at over 4 wt%, it must have nucleated between 1230 ○ and 1247
○C. Similar observations were made on the other systems studied, and the
transformation onset temperature range and initial amounts of the
rhombohedral phase are summarized in Table 4.2. The results shown in Figure
4.4 for Y6WO12 phase evolution are representative of all the 3:1 Ln2O3:WO3
systems studied here.
The transformation from the l -fcc to the rhombohedral phase was sluggish
and spanned a temperature range ≤ 100 ○C. Another noticeable feature in
Figure 4.3 is the appearance of the h-fcc phase at 1650 ○C, at least 100 ○C
below the 1750 ○C reported in the literature [115]. The h-fcc phase constituted≈ 10 wt% of the sample at 1650 ○C. As rhombohedral was the only phase
present at 1560 ○C, it is reasonable to expect that the h-fcc phase must have
nucleated between 1560 ○C and 1650 ○C.
Based on the results so far, it is possible to categorize the l -fcc to
rhombohedral transformation as a diffusional, first order process. Most
order-disorder transformations are of first order and can be broadly classified
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into diffusional and displacive (from a mechanistic perspective). Phase
coexistence and independent evolution of XRD peaks of parent and the
transformed phases upon heating, as observed in these studies, are
characteristics which enable us to rule out the possibility of a second order
nature for this transformation [137]. This is also clearly illustrated in Figure
4.5, where a section of scanned 2θ range shows overlapping XRD patterns
acquired at different temperatures across the transformation range. The shift
in the peaks towards lower 2θ values for individual phases can only be due to
the expansion of the lattice on heating.
The high resolution synchrotron data in Figure 4.3 allowed us to draw
a clear distinction between the two coexistent phases during transformation,
which is different from the evolution of a single phase. The slow nature of the
transformation was consistent with the DSC studies, which did not show any
discontinuities in enthalpy. Together, the slow rate of conversion and the wide
temperature range for the coexistence of the two phases further reinforced the
diffusional nature of this transformation [92, 138]. This was also supported
by the evolution of the average crystallite size, which was estimated from
the XRD patterns and is shown on Figure 4.6. The progression of displacive
transformations is nucleation-rate-limited, and is independent of the rate of
growth of the nuclei [138, 139]. Diffusional transformations, on the other hand,
are growth-rate-limited, with the growth-rate being proportional to increase
in the temperature or duration of isotherm. As the increase in crystallite
size is a direct consequence of growth, the observed slow and protracted
change in average crystallite size was indicative of the diffusional nature of
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this transformation.
Unit Cell Volume and Shape Change
The volumes of the l -fcc and hexagonal unit cells of Y6WO12 at room
temperature are 148.77 and 766.49 A˚3, respectively. When the number of
formula units per unit cell volume is taken into account (0.57 for l -fcc and 3
for rhombohedral), the resulting values of volume per Z (formula unit volume,
VZ) are 260.36 and 255.49 A˚
3, or a contraction of 1.87 %. In order to
understand the crystallographic changes involved in the l -fcc to rhombohedral
transformation, identifying a comparable structural element in the two
structures is imperative. Due to the significant symmetry difference between
the unit cells in the l -fcc and hexagonal systems, it was found that switching
to a rhombohedral basis in both structures is more useful in comparing the
crystallographic changes associated with this transformation. For Y6WO12
the rhombohedral unit cell in the rhombohedral phase (denoted by R) and
its equivalent in the l -fcc phase (denoted by R′), their lattice parameters (aR
and aR′ ; and αR and αR′ , and the outlines of the conventional unit cells
(i.e. hexagonal and cubic) at room temperature are shown on Figure 4.7. For
clarity, only the cations are displayed, with the oxygen atoms omitted from
the diagram. The similarity in shape and composition (i.e. Z= 3 in both)
facilitated this comparison. The corresponding information for Ho6WO12,
Er6WO12, and Yb6WO12 along with the changes in volume and shape are
summarized in Table 4.3.
The transformation from the l -fcc to the rhombohedral phase for all
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compositions, was accompanied by a decrease in a and α from R′ to R.
This was manifested in expansion along the [111] direction and contraction
in the (111) plane of the R unit cell in the l -fcc phase, which led to the
overall smaller VZ of the rhombohedral system. The aR′ and aR decreased
in the following order Ho6WO12 > Y6WO12 > Er6WO12 > Yb6WO12 , which
is similar to the order of the cationic radii of the corresponding rare earth
element in six-fold coordination [140], i.e. Ho3+ > Y3+ > Er3+ > Yb3+. In
the rhombohedral phase of Ln6WO12 the rare earth cations, however, have
seven-fold coordination with the O2− anion, while they are coordinated to 8
O2− ions in the fcc structure. According to Shannon [140] and Escola´stico et
al. [131], the ionic radii of seven- or eight-fold coordinated rare-earth cations
decrease in the following order: Y3+ > Ho3+ > Er3+ > Yb3+. It must be pointed
out that the radius for seven-fold coordinated Ho3+ was estimated by the
authors [131] by interpolation of tabulated data [140].
Comparing the αR′ angles in the l -fcc phase for different compositions
showed that it remained the same for all the rare earth tungstates studied
here. In the rhombohedral phase, however, αR increased with decreasing ionic
radii of the (seven-fold coordinated) rare earth cation, i.e. as in Y6WO12 <
Ho6WO12 < Er6WO12 < Yb6WO12. It should be emphasized here, that in
this type of coordination, one of the Y-O distances was considerably larger
than the other six (2.70 A˚ versus 2.46, 2.29, 2.28, 2.26, 2.24 and 2.19 A˚).
The significant polyhedron anisotropy introduced by this difference, along
with the very similar six-fold cationic radii of Y and Ho (0.900 and 0.901
A˚ correspondingly) may be two reasons to explain the difference between the
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trends in a and α. Overall, it can be stated that these same trends in a and α
were mirrored in the volume and shape change across the transformation for
each composition - ∆V follows the six-fold coordinated cationic radii progression,
while ∆α the seven-fold one.
While a room temperature comparison of the two phases is useful, an in-situ
assessment is more relevant to understanding the progress of transformation.
Figure 4.8 and 4.9 show the changes in VZ (VR′ in l -fcc and VR in the
rhombohedral system), αR′ and αR with temperature across the transformation
on heating for Y6WO12, Ho6WO12 and Er6WO12. The results for all four
compositions are summarized in Table 4.4.
The first point to be made from Figure 4.8 and 4.9 is that while VR′ varies,
αR′ does not change either with heating or across the transformation region.
The same is not true about the rhombohedral phase. In this case both VR
and αR change during its co-existence with the l -fcc. All compositions show
decrease in both αR and VR while at the initial stages of the transformation,
and a decrease in VR′ towards the end of the process. It should be noted
here that the in situ presence of discontinuities in both the VZ and α values
upon transformation provides further evidence for the first-order nature of the
transformation.
A comparison with Figure 4.4 reveals that the inflection point for change
in VZ with temperature coincides with the point in phase content evolution,
at which the l -fcc and rhombohedral phases are at almost equal percentage
of overall sample content. This essentially is suggestive of contracting VZ
of the minority phase and an expanding VZ of the majority phase. Such
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a contraction-expansion behavior in VZ is not unusual as the unit cells of
the co-existing phases can be influenced by strains during the transformation.
These strains can result from differences in chemical composition, from differences
in the crystal symmetries and cationic radii of the two phases, or a combination
of both [96, 141, 142]. Similarity in lattice parameters of the R
′
and R cells,
and almost identical atomic distribution in the (111) planes (see Figure 4.10),
suggest that an interface with coherency strains due to differences in the
cationic radii is a likely boundary between the two phases. Strain analysis
based on XRD analysis for both phases of Er6WO12, shown in Figure 4.11,
confirms the presence of strain. Similarly to the change in VZ with temperature
on heating, the inflection point for the strain curves aligns with the point of
equal phase content in Figure 4.4. In other words the majority phase appears
to experience a smaller amount of strain when compared with the minority
phase.
Because of the distortion of the unit cell caused by strain, determining
the volume change at transformation is not as straightforward as at room
temperature. The ∆V and ∆α values shown in Table 4.4 were calculated
while trying to minimize the effect of strain to obtain a volume change at
temperature caused only by the differences in the crystal structures of the two
phases. To calculate this value, only the rhombohedral lattice parameters at
the extreme ends of the linear segments of the VZ vs. temperature evolution
plots were used - those affected by thermal expansion only, and not by strain,
i.e. which did not show any contraction, and at the same time coincided with
the minimal amounts of strain on Figure 4.11.
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For the l -fcc phase the minimal amount of strain is the point at which
αR′ is the largest, and for the rhombohedral phase when αR is the smallest
(data points squared on Figure 4.8 (b). Selected in this manner a and α for
both phases follow the same trend among the four compositions as previously
established from their room temperature values - the edge increases as does
the six-coordinated cation radius, while α mirrors the seven-fold coordination
sequence. The importance of in situ comparison is demonstrated by the
significant difference in ∆V between the values at room temperature and those
at transformation. With the exception of Yb6WO12, all compositions showed
over twice as large a volume difference between the two cases. To a smaller
extent the same observation can be made about the in-situ ∆α values, which
were slightly smaller than the corresponding room temperature values.
A different trend was noticed in ∆V across compositions - while at room
temperature it decreases with decreasing cationic radii, in situ it seems to
increase. Some caution must be taken, however, in interpreting the in situ ∆V
and ∆α values too freely. While at room temperature the two phases were
completely pure, during the in situ measurements at the points which were
used for ∆V calculation there was a mixture of phases. As a result, even if
care was taken to pick out seemingly strain unaffected parameters, the effect
of strain cannot be completely excluded because it was still present, even if in
very small amounts (as seen on Figure 4.11, the strain values near the crossover
point were small, but positive).
To understand how the change in volume due to strain is manifested in the
crystal structure of the rhombohedral phase, switching back to the hexagonal
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perspective was more helpful in visualizing the strain effect on the lattice
parameters. The evolution of the hexagonal a and c lattice constants of
rhombohedral Er6WO12 during and after transformation is shown in Figure
4.12, along with the conventional l -fcc cubic cell edge. After switching, the
previously observed contraction of the rhombohedral (111) plane on going from
l -fcc to rhombohedral phase, took place within the corresponding hexagonal
(0001) plane during co-existence. The behavior along the c-axis was the exact
opposite. By comparing the two slopes it could be seen that the unit cell
expanded in this direction almost at the same rate at which it contracted in
the ab plane. In other words, the rhombohedral phase, while being a minority
during co-existence with the l -fcc, showed a contraction in its (111) layers, but
an increase in the spacing between them.
Another way to confirm the first order nature of the process was by
investigating the atomistic behavior of the constituent ions during
transformation. Due to the inherent insensitivity of X-rays towards oxygen,
only the cations were considered in this case. Because of its high symmetry,
the l -fcc phase does not have cations (or anions for that matter) on general
positions, so no shifts were expected there. Of the two chemically distinct types
found in the rhombohedral compositions, the W is on a special position, thus
fully restrained by symmetry. The rare-earth cation, however, is on a general
position and therefore is the one for which fractional coordinate refinements
were conducted for all four compositions during the transformation. The
results are presented in Figures 4.13 and 4.14. The lack of change in any
of the fractionals suggests a strongly first-order nature of the process. It
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would be hard to distinguish based purely on this absence of atomic coordinate
shift between a displacive and replacive transformation (in both cases the
parent phase remains generally structurally unchanged, while decreasing in
volume content), but in any second-order process, a continuous change in the
involved structural parameters would be observed. This constancy of fractional
coordinates also suggests that the phenomenon by which the transformation
progressed did not affect the bulk structure of the newly formed phase, or at
least not to the extent that it was detectable by XRD. The only plausible
way that this could happen (under the given conditions) is if short-range (i.e.
across the phase interface) diffusion was the main pathway, which would be
consistent with the reconstructive nature of the process.
4.4 Summary
An organic steric entrapment method was used to prepare cubic Ln6WO12 at a
temperature as low as 750 ○C. The first-order transformation to rhombohedral
symmetry started at around 1240 ○C and was determined to be a thermally
activated, irreversible, diffusional ordering process. While it involved
replacement of atoms in the parent lattice, the lattice itself was little changed.
The unit cell volume and shape changes across the two phases were characterized
at room temperature and at transformation for all studied compositions. The
determined volume change at temperature was noticeably smaller than the
equivalent value at ambient conditions. Trends in unit cell volume and shape,
as well as in lattice parameters, were established, based on the type of Ln
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cation, and were observed to follow a sequence similar to the one established
by the Ln cationic radii in six or seven-fold coordination.
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4.5 Figures and Tables
Table 4.1 Precursor amount calculations for the synthesis of Y6WO12 and
Y2WO6.
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Figure 4.1 Ex situ XRD - Y6WO12, λ = 1.5415 A˚ a) l -fcc b) mixed phase c)
rhombohedral. All held for 1 h at temperature.
90
Figure 4.2 DSC plots for Y6WO12 a) dynamic heating b) isothermal heating, 6 h
at temperature, starting sample is l -fcc phase. ◂ untransformed l -fcc, ◂◂ partially
transformed, all others rhombohedral.
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Figure 4.4 In situ observation of phase evolution in Y6WO12 from XRD analysis.
(Please note that the error was smaller than the symbols).
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Figure 4.5 Independent XRD peak development observed in Y6WO12 (λ = 0.7718
A˚). No splitting or shift in the l -fcc (111) peak is observed, as the rhombohedral
peaks emerge.
94
Figure 4.6 Crystallite size evolution across transformation, Er6WO12. (Please
note that the error was smaller than the symbols.
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Figure 4.7 Rhombohedral unit cell shape and volume change- α angle value and
edge length at room temperature for Y6WO12 a) l -fcc b) rhombohedral. Outlined
are the conventional face-centered cubic and hexagonal unit cells.
96
Figure 4.8 Change in VZ with temperature a) Y6WO12 b) Ho6WO12. Dashed
squares denote data points used for strain-free volume change calculations. (Please
note that the error was smaller than the symbols).
97
Figure 4.9 Change of α angle across transformation for a) Y6WO12 b) Er6WO12.
(Please note that the error was smaller than the symbols).
98
Figure 4.10 Superimposed (111) planes of l -fcc and rhombohedral Y6WO12
phases showing almost identical distribution of cations. Filled circles are
rhombohedral phase, dashed are l -fcc. Outlined are the conventional cubic and
hexagonal unit cells.
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Figure 4.11 Strain development across transformation on heating in Er6WO12.
(Please note that the error was smaller than the symbols).
100
Figure 4.12 Hexagonal and l -fcc lattice parameters across transformation on
heating - Er6WO12. (Please note that the error was smaller than the symbols).
101
Figure 4.13 Evolution of Ln cation fractional coordinates in the rhombohedral
phase across the transformation to l -fcc on heating (a) Y6WO12 (b) Ho6WO12.
102
Figure 4.14 Evolution of Ln cation fractional coordinates in the rhombohedral
phase across the transformation to l -fcc on heating (a) Er6WO12 (b) Yb6WO12.
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CHAPTER 5
THE RHOMBOHEDRAL TO
H-FCC TRANSFORMATION
IN LN6WO12
5.1 Objectives
This part of the work was aimed at understanding the transformation of the
intermediate temperature rhombohedral to the high-temperature cubic phase
in Ln6WO12 (for Ln= Y, Ho, Er and Yb) investigated by thermal analysis and
high-temperature (HT) X-ray diffraction. The objective was to provide an
in situ description of the transformation, to include order, growth mechanism
and unit cell behavior, based on crystallographic changes observed throughout
its evolution. In addition, the effect of Ln cation type on the transformation
properties trends is also presented, as well as an atomistic perspective on the
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changes in the fundamental structural units accompanying the transformation.
Where deemed instructive, a comparison with the low-temperature fcc to
rhombohedral transition process has also been performed.
5.2 Experimental conditions
5.2.1 Synthesis and Preliminary Characterization
Ln6WO12 (Ln= Y, Ho, Er, Yb) samples were synthesized by an organic steric
entrapment method [120], the experiment-specific details for which were
described in the previous chapter. After calcination at 750 ○C for 1 hour, the
samples were ground in an agate mortar and pestle and additionally heated to
1400 ○C for another hour to ensure the presence of rhombohedral phase only.
The crystalline phase composition of the samples was examined by powder
X-ray diffraction (XRD) with a Bruker D5000 diffractometer (Bruker AXS
Inc., Madison, WI), using Cu Kα radiation (λ= 1.5418 A˚, 40 kV, 30 mA).
XRD patterns were acquired in the 5○ to 65○ range with a scanning speed of
1○/min and a sampling increment of 0.02○ in 2θ. The crystalline phases were
identified using the ICDD PDF 4+ database (v. 2012, International Center for
Diffraction Data, Newtown Square, PA), while the densities of powder samples
were measured by helium pycnometry (Accupyc II 1340, Micromeritics, Atlanta,
GA). Elemental compositional analysis was performed by energy dispersive
spectroscopy (EDS) utilizing a JEOL JSM- 6060LV scanning electron microscope
equipped with an Oxford Instruments ISIS EDS system (10 mm2 ATW Si(Li)
X-ray detector, 130 eV resolution). Samples were prepared from rhombohedral
108
Yb6WO12 powder, which was planetary-milled and isostatically pressed into
bars at 50,000 psi for 10 min. After sintering at 1500 ○C for 15 h, a single
surface was polished and carbon coated prior to analysis.
Dilatometry bars of the rhombohedral phase were prepared in a similar
manner for all four compositions, but sintered at 1600 ○C for 10 h.
High-temperature dilatometry studies were conducted in a Netzsch 402 E
dilatometer, in He atmosphere up to a temperature of 2000 ○C at a heating rate
of 40 ○C/min. Microstructural observation of the dilatometry samples before
and after transformation was performed using the previously mentioned JEOL
JSM-6060LV electron microscope. Sections of the dilatometry bars were cut,
polished and etched in boiling orthophosphoric acid for 30 seconds. Cleaned
samples were sputter-coated with Au-Pd prior to observation.
To facilitate a comparison with the l -fcc to rhombohedral transformation,
low-temperature cubic samples were subjected to differential scanning calorimetry
throughout their transformation to the rhombohedral phase. The DSC studies
were conducted on powder samples using a Netzsch STA 409 CD simultaneous
thermal analyzer (Netzsch Instruments, Selb, Germany). For these studies,
the powders were preheated to 1000 ○C for 7 h. The samples were placed in
Pt-Rh pans and a DSC signal was acquired while heating in air under dynamic
heating conditions. Measurements were done over a temperature range of 25
○C to 1500 ○C, with heating and cooling rates of 30 ○C/min. In light of the
inconclusive outcome of a similar measurement performed earlier [143], a more
sensitive sample carrier and a higher heating rate were utilized, which produced
noticeably different results.
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5.2.2 In Situ Diffraction Experiments
In situ studies were done on rhombohedral powder samples (preheated to 1400
○C for 1 h), up to a maximum temperature of 1800 ○C in air. All experiments
were conducted at beam line X14-A [124] at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory, Upton, NY. A quadrupole
lamp furnace (QLF) [126] was utilized for sample heating and a linear Si strip
position sensitive detector was used to acquire high-resolution XRD patterns
over a 2θ range of 5○ to 45○. Sample mounting, calibration and temperature
determination were also previously described. The wavelength of the incident
monochromatic X-rays used in these studies was determined to be 0.7787 A˚.
All samples were heated from 1500 ○C to approximately 1800 ○C in steps
between 20 and 5 ○C/min, depending on the proximity to the transformation
region. XRD patterns were acquired at each programmed temperature step.
It was noticed that shortly after obtaining 60-70 wt% transformed sample, all
powders abruptly reacted with the sapphire capillary and formed a product
with a garnet-like structure (PDF 04-008-4757 ). This occurred at different
temperatures depending on the type of Ln cation, with Ho6WO12 being the
lowest and Yb6WO12 the highest. In order to avoid this reaction and obtain a
close to fully transformed h-fcc sample, an isothermal measurement was carried
out on an Y6WO12 sample, held at approximately 1680
○C for 11 h. Diffraction
patterns were acquired continuously every 6 min for the duration of that
period. The acquired X-ray data was analyzed by whole-pattern fitting and
Rietveld methods [128] using the program Jade (Materials Data Incorporated,
Livermore, CA). The PDF 4+ database (ICDD) was used for crystalline phase
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identification. The background, lattice constants, scale factors, profile function
parameters, and overall thermal displacement factors were refined for each
phase; atomic site occupancy factors for W and Ln cation were also refined, as
well as the fractional coordinates of the Ln cation in the rhombohedral phase.
Crystallite size was also estimated for each phase, using the full widths at half
maxima of fitted profiles and the Scherrer formula [129].
5.3 Results and Discussion
5.3.1 Thermal Analysis
The phase purity of the powder for preparation of dilatometry bars was verified
by ex situ XRD, EDS and pycnometry. All four compositions heated to 1400
○C for 1h showed rhombohedral phase only, while spectroscopy measurements
of an Yb6WO12 sample showed an atomic Yb:W ratio of 5.94, averaged over
5 locations with a standard deviation of 0.36. Pycnometry measurements of
Y6WO12 powder yielded a density of 5.86 ± 0.01 g/cm3, which was within
1% of the theoretical value of 5.91 g/cm3 [34]. The dilatometry results for
the four bars, prepared and measured under identical conditions are shown in
Figures 5.1(a) (physical expansion) and 5.1(b) (rate of expansion). Three
points are obvious from the two figures. First, the transformation (most
obvious in Yb6WO12) is superimposed on a sample contraction curve. The
samples were sintered at 1600 ○C, and as it can be seen shortly after passing this
temperature, further contraction started to occur. Second, the transformation
initiates in order of decreasing Ln cation radii, with the sequence being Ho6WO12
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(Tstart ≈ 1680 ○C) → Y6WO12 (Tstart ≈ 1740 ○C) → Er6WO12 (Tstart ≈ 1760 ○C)→ Yb6WO12 (Tstart ≈ 1820 ○C). It must be kept in mind that the pyrometer
which detects the experimental temperature picks up the emission from the
sample holder, which is closer to the heating element, and not directly from the
sample. Therefore, an inherent lag in the sample temperature was expected
[121], and as a result the actual temperature of the transformation should
be somewhat lower than the measured one. At 40 ○C/min heating rate, the
transformation for each composition spanned an average range of 100 ○C or
close to 2.5 min, which suggests a sluggish and gradual process, which is
also suggested by the gradual change in the slope of the physical expansion
curves. It is worth comparing these results with the DSC measurements on
the same compositions across the l -fcc to rhombohedral phase transformation
in Figure 5.2. The samples were prepared and measured under identical
conditions, and subsequently phase identified by XRD. Of all four, only the
Ho6WO12 did not fully transform after heating to 1500
○C and then cooling
to room temperature (final rhombohedral content was 21.5 wt%). While not
visible from the heating curve shown, the Y6WO12 sample was completely
transformed to rhombohedral upon cooling, which suggests that while the
transformation began on heating, it was completed during the cooling half
of the temperature profile. As with the dilatometry curve, the shape of
the enthalpy peaks suggests a distinct ∆HT and a slow and sluggish process
spanning over 150 ○C range. The sequence of transformation according to Ln
type- Yb6WO12 → Er6WO12 → Y6WO12 → Ho6WO12, is the exact opposite to
that suggested by the high-temperature dilatometry study of the rhombohedral
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to h-fcc transition. The third observation from the dilatometry studies is
the nature of the volume change upon transformation. Unlike the l -fcc to
rhombohedral transition in the same system [143], ∆V T here was positive.
What also stands out is the difference in the magnitudes of linear expansion
in each sample, which is unexpected, keeping in mind the structural similarity
of the samples. To clarify this, the dilatometry samples before measurement
were examined by XRD. Of all four, only the Yb6WO12 was still 100 %
rhombohedral phase, while the other three had already partially transformed
to h-fcc: Ho6WO12 was only 48.1 wt% rhombohedral, Y6WO12 was 71.2 wt%
and Er6WO12 74.1 wt%. Based on published literature [115], 1600
○C was
assumed to be a safe enough sintering temperature, to allow for densification
while keeping the samples away from transformation. Based on the XRD
results, however, this turned out to be only partially true. As calculated from
the linear expansion of Yb6WO12, which was determined as shown in Figure
5.1(a), the overall ∆V T upon transformation was 0.78 %. While small, the
presence of a distinct volume change rules out the possibility of a second order
transformation, and coupled with the somewhat sluggish kinetics suggests a
first order reconstructive process. Figures 5.3(a) and (b) are SEM images
of the Yb6WO12 dilatometry sample before and after measurement. There
were no significant changes in the microstructure, aside from a slight decrease
in porosity, and more importantly, no visible volume change accommodation
mechanisms. This is not surprising due to the high level of compositional
and structural similarity between the two phases and the resulting small ∆V T
value, which in turn does not necessitate a drastic microstructural response to
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the transition process.
5.3.2 In Situ HTXRD
Crystalline Phase Evolution
Figure 5.4 presents the in situ XRD results from the isothermal heating of
Y6WO12 with the corresponding phase content summarized in Figure 5.5.
Several points are notable from both figures. One is the long duration and
gradual evolution of the process. While this is possible for second order and
first order reconstructive transformations, first order displacive changes exhibit
very different kinetic behavior [92, 93, 139] and are therefore an unlikely
description of the present transition. This is also confirmed by the slow
progress at temperature, which suggests a thermally activated process, rather
than the athermal one typical for displacive transitions [92, 93, 138]. The
average crystallite size evolution, shown in Figure 5.6, lack any abrupt changes,
which are characteristic of nucleation rate-limited processes, with a noticeable
difference before and after the transformation temperature is reached or
appropriate incubation time has passed. Rather, it displays a growth-rate
limited behavior, with the growth rate being proportional to temperature
increase or isotherm duration. The h-fcc phase starts with a naturally smaller
crystallite size, and both the cubic and rhombohedral crystallites grow while
the temperature is increasing (inset in Figure 5.6). Once a stable isotherm is
reached the average crystallite size stabilizes for the newly nucleated phase,
while it starts to slowly decrease for the parent one. It should be noted
here that because the transformation never goes to 100 % completion, the
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rhombohedral crystallites never become significantly smaller than the h-fcc
ones. Another observation to be made from Figure 5.4 is the phase co-existence
and independent peak development of each phase. There is no peak splitting
or significant peak shift during the transformation, both of which are signs
of second order phase transitions [137]. This fact, along with the presence of
a distinct enthalpy and volume change observed in the DSC and dilatometry
measurements, enables us to rule out the possibility of a homogeneous
transformation process. It should also be noted from the in situ XRD results,
that unlike other well-studied order-disorder transitions [141, 144, 145], the
transformation here is associated with the creation of an entirely new type of
crystal lattice, rather than a pure atomic ordering on the parent lattice (i.e.
chemical or replacive ordering [91]). This is in contrast to the superstructure
creation and the associated appearance (or disappearance upon disordering)
of superlattice peaks which accompanies other order-disorder processes.
Unit Cell Volume and Shape Change
The room temperature volumes of the fcc and rhombohedral unit cells have
previously been introduced, along with the corresponding volume per formula
unit (VZ) [143]. Because of the different symmetry and formula unit content
in the conventional unit cells, the need for the use of a comparable structural
element when determining the volume and more specifically the shape changes
upon transformation (∆VT and ∆αT respectively) has also been proposed.
Since comparing the conventional unit cells allows the determination of ∆VT,
but does not help elucidate the crystallographic origins of this change, nor
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clarify the origin of the shape change, adopting a rhombohedral representation
in both systems was more suitable in exploring the structural changes associated
with the rhombohedral to h-fcc transition. Similarly to the already constructed
rhombohedral unit cells for the study of the l -fcc to rhombohedral transformation
[143], Figure 5.7 shows the equivalent constructs for the rhombohedral to the
h-fcc process, along with the designated lattice parameters and outlines of
the conventional unit cells for Y6WO12. The comparison here was made at
temperature (50 % completed transformation by weight). For clarity, only
the cations are displayed. The ease of comparison is obvious due to the
similarity in shape and the identical formula unit content (Z= 3 in both).
The rhombohedral phase unit cell is designated as R′ and the h-fcc one as R,
with the lattice parameters labeled (aR′ and aR; and αR′ and αR respectively).
The corresponding in situ crystallographic data from dynamic heating for all
four compositions is presented in Table 5.1. The transformations did not
go to 100 % completion; however they all had over 50 wt% h-fcc content
by the end of each measurement. It should be mentioned here that the 50
wt% phase presence was selected as criterion rather than temperature, since
heating rates could not be replicated exactly among each composition in the
XRD measurements, and a difference in the heating rate can cause different
transformation kinetics in both displacive and reconstructive processes [96,
146]. The rhombohedral to h-fcc transformation for all compositions was
accompanied by an increase in both lattice parameters from R′ to R. Structurally,
this can be represented by a contraction along the [111] direction (shortening
of the corresponding inter-layer distance) and expansion in the (111) plane
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of the R′ unit cell, with cation disorder initiating in the (111) R′ plane,
which transformed into the (111) plane of the R unit cell [34, 36]. In the
rhombohedral phase the cell edge decreases with composition in the Y6WO12→ Ho6WO12 → Er6WO12 → Yb6WO12 sequence, while the α angle increases
in the same order. Both are in line with the order of radii of the cations in
7-fold coordination [34, 131]. In the h-fcc phase for the cell edge sequence
the places of the Y6WO12 and Ho6WO12 are switched, which corresponds to
the cationic radii in 6-fold coordinated cations. The almost identical Y3+ and
Ho3+ radii in 6-fold coordination (0.001 A˚ difference) [140], as well as the high
degree of anisotropy of Ln-centered oxygen polyhedra in Ln6WO12 [34] are two
reasons which may explain this disparity in lattice parameter trends between
the two phases [143]. Both volume and shape change upon transformation
for all compositions were less than 1%, with the largest being for Y6WO12
and the magnitude trends mirrored that for the Ln cations sequence in 7-fold
coordination. It should be noted here that the in situ XRD ∆VT value for
Yb6WO12 was very close to the dilatometry results from the same sample,
with a difference of only 0.06 %. The evolution of the α angle and specific
volume for each phase in Y6WO12 are shown in Figure 5.8. The data is
from the isothermally-heated sample, selected to minimize thermal expansion
effects. It is obvious that the transformation progressed with both parameters
developing independently of their corresponding equivalent in the other phase,
and additionally that no significant changes are occurring with any of them
throughout the process. This is to be contrasted to the phenomena observed
in the l -fcc to rhombohedral transformation in the same system [143], where
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a contraction of lattice parameters and specific volume was observed during
phase co-existence. It should be noted that those experiments were done under
dynamic heating conditions. However, none of the four compositions which
were also studied by dynamic heating in the current work showed similar
behavior. It is worth noting that while the data in Table 5.1 is from 50 %
completed transformation, Figures 5.8 (a) and (b) include measurements from
the very first time the h-fcc phase was detected. This translates into an abrupt
change in the lattice parameter values as well as the specific volume from the
very start of the transitions. The presence of such distinct changes (as also
suggested by the dilatometry results) is another characteristic of first order
phase transformations. Comparing the lattice behavior between the low- and
high-temperature transformations, a pattern of structural reversal stands out.
The decrease in the α angle experienced during the l -fcc to rhombohedral
transformation [143] corresponds to an increase during the rhombohedral to
h-fcc transition. Similarly, the (111) plane contraction turns into expansion
from one process to the other. Figure 5.9 shows a top-down view of the
two-dimensional hexagonal atomic nets comprising the (111) planes in the
ordered rhombohedral (a) and disordered fcc (b) structures for Y6WO12 at
room temperature (cations are shown only). The fundamental building block
of each layer in the rhombohedral phase is the hexagonal ring centered on a
W cation and which consists of six Y cations. To facilitate comparison, an
identical construct in the fcc phase was also created. Four distances and an
angle were selected to describe the difference between the two structures. The
spacings were those between Ln and W cations, between Ln cations co-located
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on the same hexagonal ring, as well as located on different rings, and the
shortest distance between neighboring rings. The chosen angle described the
relative orientation of the rings in their plane. Comparing the four distances
between the two structures, several points stand out. First, the hexagonal rings
are smaller in the rhombohedral phase, which is due to minimized repulsion
resulting from only the smaller W cation being in the center, rather than it
coexisting with the larger Y as in the fcc phase. Second, the distance between
adjacent hexagonal rings decreases upon switching to the fcc structure. Thus,
while the building blocks themselves are smaller, they are also further apart
in the rhombohedral phase. Based on this, revisiting the expansion in the
(111) plane during the rhombohedral to h-fcc transformation, reveals that
this is due to the increase in ring diameter, rather than inter-ring spacing,
which decreased. Additionally, the change in the angular disposition between
the neighboring rings suggests their clockwise rotation upon disordering of
the structure (i.e. from rhombohedral to h-fcc phase). The dashed lines
are equal spacings in both cases, representing the distances between three Y
cations, each belonging to a different hexagonal ring. Reflecting the decreased
inter-ring spacings, the Y-Y distances also decreased from the rhombohedral
to the h-fcc structure. The other structural peculiarity accompanying the
transformation is the contraction along the [111] direction of the rhombohedral
unit cell, manifested by the decrease in the inter-layer spacing between the
(111) planes. Unlike the fcc phase where all atoms are co-planar in the
(111) plane, in the rhombohedral, all but the W ions are slightly offset in
a direction parallel to the inter-layer spacing - an adjustment in the [111]
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direction resulting from the ordering in the (111) plane. This brings identical
ions from neighboring layers closer together, thus increasing the mutual repulsion
and consequently the spacing. This effect is somewhat mitigated by the fact
that there are two oxygen layers between each two neighboring cation planes,
thus reducing the stronger cation-cation repulsion. In the h-fcc phase all ions
settle back in the (111) plane, therefore removing this expansion effect and
leading to contraction along the [111] direction. As mentioned earlier, the
compositional sequence of the transformations at low (Yb6WO12 to Ho6WO12)
and high (Ho6WO12 to Yb6WO12) temperatures seems to be exactly reversed.
It should be noted that due to the reconstructive nature of the process, a
specific pathway for the cation movement can not be determined [92], but its
evolution is dependent on the strength of the bonds involved. The sequence
of transformation in the lower temperature segment shows that the Ln-O
bond in the rare earth element in octahedral coordination (with 48/7 oxygen
anions and 8/7 oxygen vacancies distributed along the 8 anion sites forming
the Ln polyhedra in the fcc structure) increases in strength with increasing
Ln radius, i.e. from Yb to Ho, causing the Yb6WO12 to start transforming
first. The opposite is true in the higher-temperature process, where the
lighter compositions entered the transformation first. This signifies a stronger
Ln-O bond for the smaller rare earth elements in the 7-fold coordination they
adopt in the rhombohedral phase. It is to be expected that the sequence of
transformations according to composition on heating in the high-temperature
range be reversed on cooling from h-fcc to rhombohedral, since under an
identical cooling rate (as on heating) no temperature hystereses are to be
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anticipated. Furthermore, even if present, because of structural and
compositional similarities, they should exist in all four compositions, thus
preserving the sequence of transformation. In other words, the
h-fcc→ rhombohedral transition process should proceed in the reverse sequence
for the four compositions as the rhombohedral → h-fcc transition. Following
this, a comparison between the l -fcc → rhombohedral transition on heating
and the h-fcc → rhombohedral one on cooling, reveals a matching sequence of
transformations according to composition - Yb6WO12 → Er6WO12 → Y6WO12→ Ho6WO12, with the major differences being the direction of the heating
rate and temperature range of occurrence. With the accepted condition that
the two fcc structures are identical, this raises the interesting possibility of
studying some aspects of the higher-temperature transformation by investigating
its lower temperature equivalent. Similarly to the lower-temperature
transformation, Figure 5.10 shows a lack of fractional coordinates shift of the
rare earth cation in the rhombohedral phase of Y6WO12 during transformation
to h-fcc. This again implies the first-order nature of the process and the
short-range (i.e. interfacial) diffusion mechanism of the transformation progress.
The slight decrease of coordinate accuracy towards the end of the exposure
is mainly due to sample degradation and the resulting slightly lower-quality
XRD pattern and subsequent fit.
5.3.3 Re-entry Aspect of the Transformations in Ln6WO12
There are a few unusual details of the phase equilibria as presented so far in
the Ln6WO12 compositions. One is the presence of the high-symmetry phase
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fcc at low temperatures, which upon transformation on heating changes to the
lower-symmetry rhombohedral phase. The other is the observed ordering on
going from l -fcc to rhombohedral which occurs on heating - a process typically
associated with decreasing temperatures. Third is the presence of identical
low- and high-temperature phases (thus re-entry transformations). While
having been encountered before [147–149], it is a rare phenomenon and no
significant effort has been dedicated to establish the reasons for its existence.
Most of the above questions can be answered with the explanation of the
presence of the metastable l -fcc phase in the temperature range below that
of the rhombohedral phase. One straightforward, yet efficient, answer can be
found in the nature of the critical particle size required for the transformation
to the intermediate phase [150–152]. Due to the use of the steric entrapment
method for the preparation of the l -fcc samples, the resulting powders all
had very small particle size (typically in the nano-range). This resulted in
the need for prolonged heat treatment to allow for sufficient particle growth
before the nucleation of the rhombohedral phase could start, and explained the
slow and sluggish kinetics for the low temperature transition. The only other
reported synthesis of the low-temperature phase also includes a polymerized
complex method [36], while all solid state processing inevitably result in the
rhombohedral phase. Suggestions to confirm this proposition are recommended
in Chapter 8 of this work.
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5.3.4 HTXRD Experimental Challenges
A natural question, which arose after the previous considerations, was why
instead of a long isothermal heating, was not a shorter dynamic heating
regime used to investigate the high-temperature transformation? The answer
is that a dynamic heating was attempted on all four compositions, but it was
discovered, that after reaching a certain temperature the sample completely
reacted with the sapphire capillary and formed a compound with garnet-like
structure (PDF# 04-008-4757). The quality of the available structural data
was further affected by the noticed peak distortion predating the reaction.
Figures 5.11 and 5.12 show this, and from them it was also obvious that the
h-fcc peaks suffered a greater degree of distortion than did the rhombohedral
ones. This is because the new phase started to nucleate on the surface of the
particles of the old phase (thermodynamically preferred nucleation sites), and
in turn experienced more contact with the capillary surface. The patterns
with obviously distorted peaks were ignored and the remaining data sets were
still refined, however, the results still showed irregularities which could be
attributed to this reaction. Figures 5.13, 5.14, 5.15, 5.16, 5.17, and 5.18 show
changes in lattice parameter and specific volume behavior (marked by filled-in
symbols), the start of which matched rather well with the first observations
of misshaped XRD peaks in the collected patterns. Because of this, several
attempts were made to find an adequate isothermal temperature, which was
high enough to advance the transformation, but at the same time sufficiently
low to prevent this sample-capillary reaction from occurring. While finding an
acceptable value allowed the investigation of the transformation in Y6WO12,
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because of time constraints the studies were not extended to the other three
compositions.
5.4 Summary
The high-temperature rhombohedral to h-fcc transformation in Ln6WO12 (Ln=
Y, Ho, Er, Yb) was characterized as a first order, reconstructive,
thermally-activated process. The cation and anion disordering involved
proceeded via a growth-controlled mechanism, with sluggish and heating
rate-dependent evolution. The approximate starting temperature was between
1600 ○C for Ho6WO12 and 1700 ○C for Yb6WO12 under dynamic heating,
and approximately 1640 ○C under isothermal conditions for Y6WO12. The
transformation was accompanied by a small, but distinct volume increase,
structurally manifested as an expansion of the (111) rhombohedral plane and
a decrease of the inter-layer spacing in the [111] direction. A comparison with
the low-temperature l -fcc to rhombohedral transformation suggested similar in
magnitude, but reversed in sign, shape and volume changes, along with similar
lattice parameter trends according to the type of Ln cation. It was determined
that the sequence of transformations according to composition for the low
temperature transformation on heating was identical to the one suggested for
the high temperature transformation on cooling. This characterized the Ln-O
bond as increasing in strength with increasing Ln radius in the fcc octahedral
coordination, but showing the opposite behavior in the rhombohedral 7-fold
coordination of the rare earth cation.
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5.5 Figures and Tables
Figure 5.1 (a) Dilatometry of Ln6WO12, physical expansion across the
rhombohedral to h-fcc transformation. The dashed arrow estimates the extrapolated
contraction curve for Yb6WO12, ∆LT is the length increase upon transformation (b)
Dilatometry of Ln6WO12, rate of thermal expansion across rhombohedral to h-fcc
transformation. The starting temperature, sequence according to Ln type (Ho → Y→ Er → Yb) and nature of volume change are easily observed.
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Figure 5.2 DSC measurement of Ln6WO12 across the l -fcc to rhombohedral
transformation. Large enthalpy change spread over a significant temperature range
suggests a sluggish first order transformation. Sequence according to Ln-type is Yb→ Er → Y → Ho.
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Figure 5.3 (a) Microstructure of rhombohedral Yb6WO12 dilatometry sample
after sintering at 1600 ○C for 10 h (b) Microstructure of the same Yb6WO12
dilatometry sample, converted to h-fcc after measurement to 2000 ○C. No significant
microstructural response to the transformation is observed, aside from a slight
porosity decrease.
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Figure 5.5 In situ isothermal* phase evolution in Y6WO12 from XRD analysis
(1700 ○C). The long transition duration and gradual development at temperature
indicate a thermally activated process. * temperature fluctuations did exist over the
course of the measurement and are shown in Figure 5.6. (Note that the error was
smaller than the symbols).
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Figure 5.6 Crystallite size evolution across the transformation, Y6WO12 at
1680 ○C for 11 h. For both phases the crystallite size matched the temperature
profile, which suggested a mechanistically growth-limited process. The inset shows
temperature variation throughout the isotherm. (Note that the error was smaller
than the symbols).
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Figure 5.7 Rhombohedral unit cell - α angle and edge length at 1690 ○C (50 wt%
transformed sample) for Y6WO12 (a) rhombohedral (b) h-fcc phase. Outlined are
the conventional hexagonal and face-centered cubic cells.
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Figure 5.8 Shape and volume changes, Y6WO12 at 1690
○C (a) α angle (b) specific
volume. Both developed independently for each phase and remain approximately
constant throughout the transformation. (Note that the error was smaller than the
symbols).
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Figure 5.9 Top-down view of the (111) plane in the (a) rhombohedral, and
(b) h-fcc phase of Y6WO12 (cations only). While the radius of the W-centered
rings increases from (a) to (b), the distance between them decreases. A clockwise
rotation of the rings also accompanies the process. The dashed lines represent the
equal distances between Y cations in different rings. The distances decrease upon
disordering to (b), but their equality is preserved.
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Figure 5.10 Fractional coordinates for the Y3+ cation in rhombohedral Y6WO12
during transformation on isothermal heating at 1680 ○C.
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CHAPTER 6
THERMAL ANALYSIS OF
Ln2WO6
(LN= GD, DY, Y, ER, YB)
6.1 Objectives
The objective of this part of the study was to screen the 1:1 compositions for
any temperature-induced phase transformations. The goal of the investigation
was to first discover whether there were any thermo-analytically detectable
transformation phenomena, and then to characterize the latter to the extent
possible from the available experimental data. Fundamental traits such as
starting and ending temperatures, reversibility, nature of the thermal exchange,
trends with type of rare-earth cation, kinetic behavior and the presence of
hysteresis would be characterized and in turn provide the basis for a more
144
thorough HTXRD structural study. Since there are four phases independently
reported for Y2WO6, the aim was to conduct a systematic study on several
compositions (Ln= Gd, Dy, Y, Er, Yb) and present a more unified understanding
for phase transformation phenomena in the 1:1 compositions. The application
perspective was motivated by the presence of neighboring phases with widely
differing symmetries (i.e. tetragonal, monoclinic and orthorhombic) which was
one sign of possible displacive process - a rare and promising phenomenon in
structural ceramics.
6.2 Synthesis and Preliminary Characterization
Samples of Ln2WO6 (Ln= Gd, Dy, Y, Er, Yb) were prepared by the previously
described steric entrapment method. After calcination at 800 ○C all powders
were heated to 1300 ○C for 2 h in order to obtain pure monoclinic phase for each
composition. The crystalline phase purity was examined by ex-situ XRD with
a Bruker D5000 diffractometer (Bruker AXS Inc., Madison, WI), using Cu Kα
radiation (40 kV, 30mA). XRD patterns were acquired in the 5○ to 65○ range
at a scanning speed of 1○/min and a sampling increment of 0.02○ in 2θ (similar
to phase identification studies for the 3:1 compositions). The crystalline
phases were identified using the Inorganic Crystal Structure Database (ICSD
v. 2011/1, National Institute of Standards and Technology, Gaithersburg, MD;
Fachinformationszentrum (FIZ), Karlsruhe, Germany). The expected density
was confirmed by helium pycnometry with an Accupyc II 1340 pycnometer
(Micromeritics, Atlanta, GA). In order to obtain better packing efficiency
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(important for sample-surface contact and signal transmission in DSC), more
homogeneous particle size and uniform defect distribution, all samples were
planetary-milled in ethanol with yttria-stabilized zirconia media in zirconia
crucibles at 500 rpm for a total 40 min (two opposite rotations, 20 min each).
The milled and dried samples were then sieved through a 25 µm mesh size
sieve.
6.3 Experimental Conditions
The prepared powders were used for the DSC study in the already described
STA 409 C simultaneous thermal analyzer. Two consecutive measurements on
the same sample were conducted for all six compositions, with each individual
measurement consisting of heating from room temperature to 1500 ○C and back
to room temperature at 30 ○C/min heating and cooling rates. The samples
were placed in a Pt crucible open to the atmosphere which consisted of a
mixture of air and He. The flow rates for the two gases were 75 and 40 ml/min
respectively. To facilitate comparison with known transformation behavior,
monoclinic zirconia (ZrO2, 99+%, Alpha Aesar,Ward Hill, MA 01835) was
run under identical conditions. The zirconia sample, however, was run as
purchased without attrition milling and sieving. The obtained DSC results
were analyzed with Proteus (combined experimental and analytical software
solution for thermal analysis instruments) from Netzch (Netzsch Instruments,
Selb, Germany).
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6.4 Results and Discussion
The results of the DSC measurements are presented in Figures 6.1, 6.2, 6.4, 6.6
and 6.8, in a sequence following the decreasing size of the rare-earth cations,
i.e from Gd to Yb. The direction of heating and cooling, along with the
order of the two measurements are also annotated in the figures. There is
one image per composition if no unusual behavior was detected, and three
if there were noticeable features in the heat curve. In the latter case there
are three images per sample, the first of which presents an overall view of
the two measurements, while the second and the third graph are zoomed in
sections focusing on the enthalpy peaks (Figures 6.3, 6.5 and 6.7). The exact
starting and ending temperatures of the transformations for each of the three
compositions showing the transition phenomena are summarized in Table 6.1.
Prior to the measurements the phase identity of all samples was confirmed
- monoclinic C2/c for Gd2WO6 (PDF# 04-005-6522) and Dy2WO6 (PDF#
04-005-6520) and monoclinic P2/c for Y2WO6 (PDF# 04-005-6526), Er2WO6
(PDF# 04-005-6530) and Yb2WO6 (PDF# 04-005-6528).
The most obvious result is that the graphs of two extreme members of the
group (Gd and Yb) do not show any features, which is in sharp contrast with
those of the three intermediate elements (Dy, Yb and Er). Of these three,
Dy2WO6 (Figure 6.2) shows the strongest and clearest signs of reversible,
repeatable events occurring during its heat treatment, with the obvious presence
of δH being a clear sign of a first-order transition. Ignoring the magnitude of
the involved changes in enthalpy, the peak behavior in the other two
compositions (Y2WO6 and Er2WO6, Figures 6.4 and 6.6) matches that of the
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peaks in Dy2WO6. At temperatures above 1100
○C all three compositions
show a similar set of peaks - one on heating and two on cooling during the
first cycle and two on heating and two on cooling during the second cycle.
The positions of the matching peaks for each cycle are slightly offset towards
lower temperatures on the second run (10-15 ○C), but the general shape is not
significantly changed.
All peaks show a gradual onset and an abrupt finish on heating, and the
exact opposite behavior on cooling, and this sequence was replicated during
the second run. This suggests a very fast initiation of the process on cooling, as
well as a very fast termination on heating - an observation which matches the
observed speed of the transformation - at 30 ○C/min, in all cases the entire
process spanned a range of about 40 ○C or just over 1 min. This seems to
apply universally for the large peaks of all three compositions. The observed
∆H involved in the processes was noticeably larger during the first run -
on both heating and cooling. This is a phenomenon, which in the case of
structural transformations can be explained by the creation of appropriate
accommodating mechanisms during the first structural change, and which
remain in place for the subsequent cycles. As a result, the energy which is
needed for their creation the first time is not required the second time around
so that the overall enthalpy change is smaller. The fact that the peaks are
well defined, relatively narrow and with a sharp cutoff, especially compared
to the broad and symmetrical peaks of the reconstructive transformation in
Ln6WO12 (Chapter 5, Figure 5.2), suggests that the process involved, if it is
indeed a transformation, is more likely to be a displacive one, rather than
148
replacive. While reconstructive processes require continuous heat input to
advance, which is manifested in the symmetric shape of the ∆H peaks in
Figure 5.2, here the almost instantaneous (i.e. independent of temperature)
peak drop on cooling and initiation on heating suggests a process with a more
athermal character, something again, typical of displacive transformations. To
gain more insight into the significance of the peak shapes, a comparison was
made with the results from the DSC measurements of monoclinic ZrO2, shown
in Figures 6.9 and 6.10. The three visible peaks (one on first cooling and one
each on second heating and cooling) represent the monoclinic to tetragonal
and reverse transformations during each cycle. The lack of a transformation
peak during the first heating is attributed to the very porous sample and poor
packing of the sample in the Pt crucible. The latter was approximately 6
mm in diameter and 4 mm in height and was filled about 75% before the
measurement. After the second cycle was over, the powder had consolidated
in a pellet with approximate dimensions 1.5 mm diameter and 1 mm in height.
This suggests that the initial packing was not dense enough to allow adequate
signal transmission to the bottom of the crucible. Only after the sample had
sintered enough (i.e. after reaching the 1300-1400 ○C range), did it have the
required density to allow for the signal for the reverse transformation to be
picked up. The important point here, however, is the similarity of the peak
shapes in ZrO2 and Dy2WO6 on cooling. Both show the same sharp onset and
identical thermal exchange on heating and cooling, span an approximately
identical temperature range (≈ 40○) and exhibit a very similar repeatability
and hysteresis (10-15 ○C). Additionally the magnitudes of the ∆H involved
149
are also somewhat similar: -30.8 J/g for the first peak on cooling for Dy2WO6
versus -23.3 J/g for the corresponding peak of ZrO2.
6.5 Conclusions
While a structural characterization would be required to fully confirm and
further investigate this process, the thermo-analytical characterization along
with the behavioral similarity to a well known displacive transformation suggested
that the observed changes in enthalpy occurring on both heating and cooling
could be attributed to a first-order, displacive, athermally activated transformation
process, which warranted a further in situ structural study.
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6.6 Figures and Tables
Figure 6.1 Two consecutive DSC measurement cycles of the same sample of
monoclinic Gd2WO6. No evidence of transformation processes is observed.
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Table 6.1 The calorimetry analysis results for the transformations observed in
Dy2WO6, Y2WO6 and Er2WO6 for each of the two measurement cycles. The peaks
are numbered chronologically.
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CHAPTER 7
THERMAL EXPANSION OF
LN6WO12 AND LN2WO6
7.1 Objectives
The objective of this part of the thesis is to investigate the thermal expansion
(TE) behavior of the monoclinic C2/c phase of the 1:1 composition (Ln=
Gd, Dy and Ho) and the l -fcc and rhombohedral phases of the 3:1 system
(Ln= Y, Ho, Er and Yb). The aim is to describe the thermal expansion
evolution of the lattice parameters of the Ln6WO12 compositions, and the
lattice parameter and TE ellipsoid behavior of the Ln2WO6 system. These are
to be characterized over a wide temperature range and presented in terms of
crystal structure constituents on an atomistic level. Ln polyhedral dynamics
in the layered structure of Ln2WO6 are analyzed, and their effects on the
evolution of the thermal expansion ellipsoid of the same system has been
162
suggested.
7.2 Experimental Conditions
7.2.1 Synthesis and Preliminary Characterization
Ln6WO12 (Ln= Y, Ho, Er, Yb) and Ln2WO6 (Ln= Gd, Dy, Ho) samples were
synthesized by the organic steric entrapment method [120], the details for
which were described in Chapter 4. There was no difference in the preparation
method as applied to each composition, aside from the amounts of precursor
materials involved. After drying, all samples were calcined at 750 ○C for 1
h. The 3:1 batch for each composition was separated in two: one part was
heated to 1000 ○C, the other to 1400 ○C, both for 2 h, to ensure pure and well
crystallized l -fcc and rhombohedral phases, correspondingly. The Ln2WO6
samples were heated to 1300 ○C for one hour in order to obtain pure monoclinic
phase. All heat treatments were carried out in air.
The crystalline phase identification of the samples was determined by
powder X-ray diffraction (XRD) with a Bruker D5000 diffractometer (Bruker
AXS Inc., Madison, WI), using Cu Kα radiation (λ = 1.5418 A˚, 40 kV, 30mA).
XRD patterns were acquired in the 5○ to 65○ 2θ range with a scanning speed
of 1○/min and a sampling increment of 0.02○ in 2θ. The crystalline phases
were identified using the ICDD PDF 4+ database (v. 2012, International
Center for Diffraction Data, Newtown Square, PA). No l -fcc entries were
found for Ho6WO12, Er6WO12 and Yb6WO12, but the PDF 04-014-0294 for
the isostructural l -fcc Y6WO12 was modified and adapted for use with these
163
compositions. The entries matching the Ln2WO6 compositions were
04-005-6522 for Gd2WO6, 04-005-6520 for Dy2WO6, and 04-005-6531 for
Ho2WO6. The expected densities of powder samples were confirmed by helium
pycnometry (Accupyc II 1340, Micromeritics, Atlanta, GA).
7.2.2 In Situ Diffraction Experiments
In situ studies were carried out on l -fcc and rhombohedral Ln6WO12 powder
samples (preheated to 1000 ○C and 1400 ○C for 2 h correspondingly), up to
a maximum temperature of approximately 1600 ○C in air. Ln2WO6 samples,
preheated to 1300 ○C for 1 h were studied up to a maximum temperature
of 1500 ○C. Experiments were conducted at beam lines X14-A [124] at the
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory,
Upton, NY and 33-BM-C [123] at the Advanced Photon Source (APS) at
Argonne National Laboratory, Argonne, IL. A quadrupole lamp furnace (QLF)
[126] was utilized for sample heating in both cases, while the linear Si strip
position-sensitive (NSLS) and the curved image-plate (APS) detectors [125]
were used to acquire high-resolution XRD patterns over a 2θ range of 2○ to
45○. Sample mounting, calibration and temperature determination were also
described in Chapter 4. The only difference between the two experimental
configurations was the stepwise (Si-strip) versus simultaneous-exposure
(curved-image) data collection for each of the detectors. The wavelength of
the incident monochromatic X-rays used in these studies was determined to
be 0.7787 A˚ for NSLS and 0.5508 A˚ for APS .
All samples were heated from room temperature (RT) to approximately
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1600 ○C in steps of 100 ○C and XRD patterns were acquired at each programmed
temperature step. The collected X-ray data was analyzed by whole-pattern
fitting and Rietveld methods [128] using the program Jade (Materials Data
Incorporated, Livermore, CA). The PDF 4+ database (ICDD) was used for
crystalline phase identification. The background, lattice constants, scale factors,
profile function parameters, overall thermal displacement factors and fractional
coordinates of the rare earth cations were refined for each phase. Coefficients
of thermal expansion (CTEs) were determined for the lattice parameters of
both Ln6WO12 phases, and lattice parameters and directions of maximum
thermal expansion (eigenvectors of the TE ellipsoid) for Ln2WO6. Anisotropic
TE analysis was carried out using CTEAS [153].
7.3 Results and Discussion
The thermal expansion of materials has been most commonly reported by
investigating their bulk or lattice parameter behavior at high temperatures.
While convenient and elegant in its simplicity, this method can overlook
important details in systems with lower symmetry. It is well known that in
monoclinic or triclinic systems, the anisotropic expansion behavior can lead
to directions of maximum TE, which do not lie along the crystallographic
axes. Depending on the difference between the values and directions of the
expansion along these two reference frames, the predicted properties can vary
significantly. Being cubic or rhombohedral, the Ln6WO12 compounds do
not exhibit this phenomenon. The Ln2WO6 compositions, however, having
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monoclinic symmetry, require a more thorough approach in order to fully
understand their TE behavior. In light of this, the following results are based
on lattice parameter analysis for Ln6WO12 and lattice parameter and thermal
expansion ellipsoid studies for Ln2WO6.
7.3.1 Cubic and Rhombohedral 3:1 Compositions
The structures of both phases are quite similar and have been already described
elsewhere [34, 36] . As previously mentioned, the rhombohedral phase has often
bee referred to from a hexagonal perspective with the easiest way to relate to
the cubic phase being the equivalency between the cubic (111) and hexagonal
(0001) planes and the (111) cubic body diagonal becoming the hexagonal c
unit cell edge. Upon ordering, the co-existing W and Ln cations in the cubic
phase form hexagonal W-centered Ln rings, co-located in the (0001) plane of
the hexagonal phase. The resulting WO6 polyhedron is separated from others
of its kind and is connected to LnO7 units only.
Figures 7.1, 7.2, 7.3 and 7.4 show the lattice parameter, volume and CTE
behavior versus temperature determined for the four compositions in each
of the two Ln6WO12 phases. The values for the second order polynomial
fits are displayed in Tables 7.4 and 7.8, and the values for the experimental
thermal expansion coefficients vs. temperature are summarized in Tables 7.5,
7.6 and 7.7. Similarly, the exact experimental lattice parameter values vs.
temperature are summarized in Tables 7.2 and 7.3. The lattice parameters and
volume comparison among compositions reflects the difference in Ln cation
size, with Ho and Y being very close to each other [140]. Chemical and
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structural similarity is also reflected in the narrow range of CTEs which the
four compositions share, in both initial disposition and evolution throughout
the heating process. While the evolution trends with cation size among
compositions are clear in Figures 7.1 and 7.2, this is not necessarily the case
with the CTEs in Figures 7.3 and 7.4. One reason for this is the fact that bond
expansion is mainly determined by cation charge and coordination, rather
than by size [154], the first two being identical for the four composition in
each phase, thus leading to similar CTEs behavior. The intercept values listed
in Table 7.8 do show a trend similar to the one for the lattice parameters,
however, they are mostly within the standard error range (1-2×10−7) for the
intercept determination. The error range for the lattice parameter intercept
is between 0.5 and 2×10−3.
The similarity between the CTEs of the rhombohedral c and l -fcc a cell
edges can be explained in terms of the previously mentioned structural
resemblance between the two phases (i.e. the equivalency between the (111)
cubic diagonal and the hexagonal c edge). A somewhat simplistic reason
for the slightly smaller volume expansion coefficients in the cubic phase (not
shown but being 3 times larger than the linear ones) may have been the
negative volume change upon transformation [143], resulting in a smaller
specific volume in the rhombohedral phase and a correspondingly larger volume
CTE. This, however, assumes a purely geometric effect of the volume change
and that no expansion-accommodating mechanisms are destroyed during the
transformation.
A more noticeable difference is observed between the CTE values of the a
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and c lattice parameters of the rhombohedral phase. This can be explained
if the structure is considered along the hexagonal (0001) layers. From this
perspective, all cations are co-located on the same plane, with the exception
of a small offset along c (distance smaller than half the Ln cation radius)
with no oxygens between them. All anions are positioned in layers, also
somewhat staggered, so the overall structure can be represented by a sequence
of alternating single cation- and double oxygen-layers, repeated along the
hexagonal [0001] direction. While the average inter- and intra-planar
cation-cation distances are rather similar (3.54 - 4.11 A˚ versus 3.59 - 3.98
A˚, with standard deviations of 0.28 and 0.21 correspondingly), all anions are
located between the cation layers, with none being co-planar with the cations.
This results in the cation polyhedra being edge-connected in the (0001) plane
(Figure 7.5 (a), view down the c-axis) and no anions between the W and Ln
cations in that same plane, with the common polyhedral edges being at close
to 45○ relative to the plane (Figure 7.5 (b), viewed along the ab plane). The
polyhedra positioned along the [0001] direction, on the other hand, are all
corner-connected. Because of the edge-sharing and lack of shielding anions,
the cation-cation repulsion along (0001) is more conducive to expansion in the
horizontal direction, rather than along c, thus leading to a higher value of
the thermal expansion coefficient along a and b. This is represented in the
comparison of normalized bond lengths and bond CTEs of the YO7 polyhedra
in Y6WO12 in Figure 7.6. The two bonds aligned with the c-axis (Y-O2 4 and
Y-O1 1, with the O1 oxygens forming the WO6 polyhedra) show consistently
smaller values of both characteristics, with the range of CTE values matching
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rather well with the one observed for the c lattice parameter in Figure 7.3
(6.5-9.5×10−6 C−1). A similar correspondence is seen between the CTEs of the
a parameter and the remaining bonds in the YO7 polyhedra.
7.3.2 Monoclinic 1:1 Composition
The monoclinic C2/c Ln2WO6 phase presents a more complicated structure,
with four different types of polyhedra - one for W and three for the Ln cation.
The WO4 tetrahedron is corner-connected to two 8-coordinated Ln polyhedra,
which in turn share edges between themselves and edges and corners with the
third, 6-coordinated Ln polyhedron. Two of the Ln cations are on special
positions (forming 8- and 6-coordinated polyhedra, labeled Gd2 and Gd3
correspondingly on Figure 7.7 (a), showing representative Gd2WO6 structure
at room temperature) and one Ln cation is on a general position (8-coordinated,
Gd1). The Gd2 and Gd3 polyhedra form a single layer coinciding with the bc
plane (Figure 7.7 (b)), while the Gd1 units make up a double layer, parallel
to the same plane, but staggered every two units perpendicular to it (Figure
7.7 (a)). A point worth noting here is the fact that the blocks making the
polyhedral layers along the (010) plane, one of which is outlined in Figure 7.7
(a), are connected in the [100] direction only through the edge common to the
Gd1 polyhedra.
The lattice parameter behavior for the three Ln2WO6 compositions is
shown in Figures 7.8 and 7.9, with the expected Ln cation size difference
effect being readily observable. The corresponding second order polynomial
fit results are presented in Table 7.12, while the actual experimental parameter
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values vs. temperature are displayed in Tables 7.9, 7.10 and 7.11. The
identical and monotonous evolution reflects the similarity in structure and the
stability of the phases. The former is also represented by the almost identical
CTEs behavior and values, shown in Figures 7.10 and 7.11, and Table 7.16,
correspondingly. The exact experimental CTE values vs. temperature are
summarized in Tables 7.13, 7.14 and 7.15. While showing a trend with type of
Ln cation, the intercept values for the volume fits are almost identical for all
three compositions once the standard errors are taken into account (2.5×10−7
for Gd2WO6, 1.6×10−7 for Dy2WO6 and 1.1×10−7 for Ho2WO6).
A comparison of the CTE intercepts for the three lattice parameters of each
compound revealed that the coefficients were greatest along the b axis, closely
followed by those along c, with the ones along a being the smallest. In other
words, initial expansion along the bc plane was noticeably greater than that in
the basal ac. One explanation lay in the comparison of the layered structures
along the two planes. Continuous linking between Gd2 and G3 polyhedra in
the b direction provided less opportunity for the accommodation of thermally
induced polyhedral distortions. Both types formed chains (consisting of
edge-connected units) parallel to the c axis, with the chains themselves being
corner-connected (Figure 7.7 (b)).
Contrary to this, the noticeably open structure of the layers co-planar
with the ac plane offer more flexibility for the rearrangement of the structural
units with increasing temperature (Figure 7.7 (c)). This is further enhanced
by mostly corner-sharing among all types of units within these layers, the
intra-layer Gd1-Gd3 and the already mentioned inter-layer Gd1-Gd1 edge
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connections being the exceptions. Further inspection of the CTE values in
Figures 7.10 and 7.11, however, show that while the values along a start off
lower, by the end of the heating regime they are equal to those along b and
slightly greater than the ones along c. This is also confirmed by the ratios
of the normalized lattice parameters in Figure 7.12. Both the b/a and c/a
values show the inverse parabolic behavior signifying a change in the relative
rate of expansion - from being greater along b and c in the beginning, to being
almost equal or slightly larger along a, towards the end. The initial greater
expansion along b and c can be explained by the prevalence of edge-sharing
polyhedra located within the (100) plane, and more specifically Gd2-Gd2 and
Gd3-Gd3 units which within their own c-aligned chains were all edge-shared.
Furthermore, the edge-sharing units are in such a mutual disposition, that
expansion across these edges is manifested in the (100) plane only (i.e. cations
were all in the (100) plane, aligned with one of the long diagonals of that unit
cell face). If one considers the polyhedra along the (010) plane, there are only
two edge-sharing units (Gd1 and Gd3), with only the Gd1-Gd1 common edge
connecting the constituent blocks (outlined in Figure 7.7 (a)). This allows for
easier accommodation of thermal expansion effects and is expected to result in
a greater extent of distortion of the Gd1 polyhedra, due to its role as a buffer
between the neighboring (010) layers.
The deviations from unity seen in Figure 7.12 are very small, but the trend
is clear. The shift being spread over the entire temperature range suggests a
subtle and continuous process. Two approaches might give insight as to the
origin of this phenomenon, the first of which is to investigate the behavior of
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the cations within the (100) and (010) unit cell faces. Because Gd1 and Gd2
lay on special positions which are unconstrained along [010], possible shifts
along this direction might affect the b/a behavior. At the same time, being
constrained within (010), their behavior in this plane should reflect that of
the a lattice parameter. Gd1 is on a general position, thus unrestrained in
either of the two planes. It is possible, therefore, its behavior has an effect on
the TE of both lattice parameters. If one considers the (100) layers, however,
it is obvious that the more densely packed Gd1-Gd2 monolayer would have
a greater effect on the TE along that plane as compared to the staggered
Gd1-Gd1 double layer parallel to it. It is therefore expected, that if the Gd1
cation has an effect on the TE of either of the a or b lattice parameters, this
influence would be manifested more strongly along the basal (010) plane and
from there on the a unit cell edge.
The second method is to analyze the thermal expansion of the compound
anisotropically, compare the lattice parameter expansion with that along the
TE ellipsoidal axes and if their directions do not coincide (as expected here
because of the non-orthogonality of the monoclinic axes), to determine if there
are any shifts in the directions of maximum TE, i.e. whether the ellipsoid
changes orientation throughout the heating regimen, which in turn may affect
the lattice parameter behavior. The first approach consists of comparing
the normalized spacings between cations in the (010) and (100) planes with
that of the a and b lattice parameters. The cations considered were only
those aligned with the unit cell edges. Along the (100) plane, only Gd2 and
Gd3 cations make up the constituent layer (linked in chains parallel to [001],
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Figure 7.7 (b)), and as shown in Figure 7.13, left, it was determined that both
Gd2-Gd2 and Gd3-Gd3 cation distances along [010] mirror the behavior of the
b cell edge. That is not the case, however, when the two different Gd2-Gd3
distances in the same direction are considered. As the same image shows,
their individual behavior differs considerably from that of b, but the averaged
sum of their normalized lengths adds up to that of the lattice parameter
(as expected because their sum equaled that of the Gd2-Gd2 or Gd3-Gd3
spacings). This confirms that while the expansion of individual layers (made
of identical types of polyhedra) stacked in the [010] direction and expanding
in that direction, mirrors that of the b lattice parameter, the behavior of these
monolayers relative to each other does not. The reason for this is the presence
of Gd1 polyhedra attached to each of the neighboring Gd2 and Gd3 units
showing the deviant behavior in Figure 7.13, and as such affecting their thermal
expansion. No such direct intermediary exists between identical Gd2 or Gd3
cations, thus the expected behavior of their respective spacings. Because the
average behavior of all the considered constituents along b matches that of
the lattice parameter, this also shows that the cause of the inverse parabolic
shape in Figure 7.12 is not to be found in the structural dynamics of the (100)
plane.
A similar approach was taken when analyzing the cation behavior in the
basal (010) plane. Figure 7.13, middle section, shows the normalized spacings
between cations in that plane along the a lattice parameter. The distances
between identical cations parallel to this unit cell edge (Gd3-Gd3 is shown as
representative, but Gd1 and Gd2 possess the same rate of change) mirror the
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behavior of a as expected because of the symmetry constraints. However, if,
instead of looking at cations aligned with a, one considers the spacing in (010)
between cations making up the identical rows aligned with c (i.e. Gd3a-Gd3b,
instead of Gd3a-Gd3a on Figure 7.7 (c)), the behavior is markedly different
as seen in the same graph. Furthermore, if the expansion rates along these
two directions are compared (Figure 7.13, bottom of lower image), it can be
seen that the expansion along a experiences a continuous relative increase
with temperature, and is noticeably larger by the end of the heating cycle.
This continuously varying behavior suggests the possibility of a shift in the
TE directions in the (010) plane. The resulting increase in the TE along a, in
turn, may be the reason behind the behavior observed in Figure 7.12.
To investigate the directional dynamics of the TE behavior, anisotropic
analysis of the expansion ellipsoid was performed and the results are presented
in Figures 7.14, 7.15 and 7.16. It should be noted here that these results
were derived from three dimensional fits of the crystallographic data obtained
from refining the high-temperature diffraction data [153], and do not represent
direct experimental results. Tables 7.17, 7.18 and 7.19 in particular, summarize
the behavior of the thermal expansion ellipsoids created from these fits, with
temperature for all three compositions, and as such provides a complete
description the thermal evolution of their structure. Figure 7.14 presents
the maximum thermal expansion values (EVs) and how they varied with
temperature (i.e. the length of the ellipsoid axes). It is easy to see that
these differ from the previously determined CTEs of the lattice parameters,
and indeed there is a direction with thermal expansion greater than that of
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any of the unit cell edges (EV2 ≈ 2.00×10−5 vs. CTEb ≈ 1.25×10−5 C−1). By
default, one of the ellipsoidal axes was aligned with b of the monoclinic cell.
Excluding EV2 and comparing the other two graphs with that of the CTE
values of b (Figure 7.10) it can be seen that EV1 is the better match.
To understand how the other two axes are aligned to the monoclinic structure,
Figure 7.15 shows the orientation of the ellipsoid axis (E-vectors) relative to
the (100), (001) and (010) plane normals. From the unique role of b in the
unit cell, it is immediately clear from image (c), that E-vectors 2 and 3 are in
the (010) plane, both at 90○ to E-vector 1, which is along b. Considering the
other two relations in the same figure, it is obvious that, as suspected from the
cation-spacing comparison in (010), there is indeed a continuous shift in the
orientation of the thermal expansion ellipsoid. To make it easier to visualize
this evolution, Figure 7.16 presents the TE ellipsoid cross sections in the same
planes as the previously considered normals. The inverse parabolic behavior
from Figure 7.12 is seen in the (001) cross section (Figure 7.16 (b)) - while
the initial thermal expansion along b is greater than that along a, the latter
experiences faster expansion and as a result has a slightly larger final CTE
value. The (100) graph, on the other hand (image (c)), represents the more
monotonous TE increase along b and c. The most useful of the three cross
sectional views, however, is the (010) shown in Figure 7.16 (a). Here the b
axis is out of the page and the ellipsoid evolution is most obvious when viewed
relative to the a and c axes. Just as with the normalized b/a values, here
CTEc starts off from a higher initial value, but because of the rotation of the
TE ellipsoid ends up with a smaller one, while the opposite is true for CTEa.
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This results from the longer ellipsoid axis becoming more closely aligned with
a, and the shorter to c. It was determined that the approximate starting
orientation of E-vector 2 relative to the (100) normal is (3¯ 0 13) at 118.7○, and
for the ending is (3¯ 0 2) at 151.2○. For E-vector 3 the corresponding values
are (2¯ 0 5¯) at 151.2○ for the starting orientation, and (5¯ 0 3¯1) at 118.6○ for the
ending.
As can be seen from the three plots in Figure 7.16, the rotation occurs
only in the first plot, i.e. about the b axis (covering an angular range of
approximately 32○) - in the other two cross sections the ellipsoid might change
shape, but does not rotate. This suggests that whatever the structural changes
are that cause this ellipsoid rotation, their anisotropic behavior is manifested
only in the (010) plane. Going back to the polyhedral layered representation
of the Ln2WO6 structure, it was suggested that because of the continuous
linking of the Gd2 and Gd3 polyhedra in (001), the layers they form are
the ones controlling the expansion along this plane. This is in contrast to
the role of the staggered and significantly more open double layer made of
Gd1 polyhedra along the same plane. At the same time, if one considers
the basal (100) plane, it is exactly these Gd1 units, which, through their
common edges, link up the separate constituent blocks of this layer. Forming
an integral link in its structure therefore (unlike in the bc plane made of Gd2-
and Gd3-only chains), they are expected to have a more significant influence
on the thermal expansion along this plane. It is also worth noting that along
the (010) plane they are attached to units which are constituents of very
isotropically-behaving sub-structures (i.e. the Gd2 and Gd3 polyhedra and
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their corresponding chains in the bc plane), which added together exhibit the
anisotropic TE behavior of the ac plane. A comparison of the normalized
polyhedral volumes for the three Ln units is shown in Figure 7.17 (the volumes
were determined based on symmetry constraints for the oxygen anions, with
only the Ln cation position having been refined). The expansion of Gd1 is
noticeably larger and its behavior more dynamic, which is another sign of its
more active involvement in the structural evolution as compared to the other
two types of polyhedra. The rather sharp drop in both values containing Gd1
suggests that a limit of structural adjustment may be reached, thus resulting in
a change in the TE behavior. This is also confirmed by the shape and inflection
point location similarity of the graphs in Figures 7.12 and 7.17. There is a
slight temperature offset between the peaks in the two images, but it is possible
the structural complexities of the system can not necessarily accommodate a
strict one-to-one response. All these points suggest that, while it may not
be the only cause for it, the Gd1 polyhedra may have a significant role in
the unusual evolution of the TE ellipsoid. For this to be fully confirmed,
however, a complete polyhedral analysis will be needed, which in turn will
require structure analysis with refinement of the oxygen coordinates, all of
which are on general positions.
7.4 Summary
Because of the similarity of their structures, the l -fcc and rhombohedral phases
of Ln6WO12 exhibited very similar thermal expansion behavior along
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corresponding crystallographic directions. The difference in CTEs along the a
and c unit cell edges in the rhombohedral phase was attributed to the greater
proximity of Ln cations in the (0001) plane and the corresponding edge-shared
polyhedra. This disparity was also reinforced by the lack of shielding anions
between the cations in that plane, but rather their concentration between the
cation layers in the [0001] direction. The relative expansion rates of the lattice
parameters were mirrored in the behavior of the correspondingly aligned Ln-O
bonds in the LnO7 polyhedra.
The initial larger CTEs along the b and c-axes relative to that along the
a-axis of the Ln2WO6 compositions, was ascribed to the continuous and more
dense packing of Ln polyhedra in the (100) plane, as contrasted to that in the
(010) basal plane. The subsequent increase in the a CTE relative to that of the
other two lattice parameters was due to the rotation of the thermal expansion
ellipsoid along b, which brought the direction of maximum TE closer to the
a-axis and that of the smallest one closer to c. Of the three Ln polyhedra in
the unit cell, the one located at a general position was determined to have a
role in the inter-layer dynamics along the [010] direction as well as to act as a
link between the constituent blocks of the (100) layer. Based on its unique role
in both settings and noticeably greater polyhedral volume variations relative
to the other two, it is suggested that its behavior may be the reason for the
continuous evolution of the TE ellipsoidal orientation.
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7.5 Figures and Tables
Figure 7.1 Lattice parameters, unit cell volume and the corresponding second
order polynomial fits for rhombohedral Ln6WO12.
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Figure 7.2 Lattice parameters, unit cell volume and the corresponding second
order polynomial fits for l -fcc Ln6WO12.
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Figure 7.3 Axial and volumetric coefficients of thermal expansion with the
polynomial fits for rhombohedral Ln6WO12.
181
Figure 7.4 Axial and volumetric coefficients of thermal expansion with the
polynomial fits for l -fcc Ln6WO12.
182
Figure 7.5 Ln and W polyhedral disposition along the hexagonal (0001) plane of
Y6WO12 - down the c-axis (a), and along the ab plane (b).
183
Figure 7.6 Normalized Y-O bond lengths of the YO7 polyhedra in Y6WO12 (top),
coefficients of thermal expansion for the same bonds (bottom). Underlined are the
bonds aligned with the c-axis.
184
Figure 7.7 The structure of Gd2WO6 (representative of the monoclinic C2/c
Ln2WO6), along the c-axis (a). W polyhedra, located in the voids, are omitted
for clarity. The image in (b) shows the polyhedra making continuous (100) layers.
The view in (c) shows polyhedral disposition within the basal layer, along the (010)
plane. The unlabeled polyhedra in (c) are all W-centered. In all images the oxygen
anions forming the cation polyhedra are shown, but not labeled.
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Figure 7.8 Lattice parameters and the corresponding second order polynomial
fits for monoclinic C2/c Ln2WO6.
186
Figure 7.9 Unit cell volume and β angle with the corresponding second order
polynomial fits for monoclinic C2/c Ln2WO6.
187
Figure 7.10 Axial coefficients of thermal expansion with the polynomial fits for
monoclinic C2/c Ln2WO6.
188
Figure 7.11 Axial and volumetric coefficients of thermal expansion with the
polynomial fits for monoclinic C2/c Ln2WO6.
189
Figure 7.12 Normalized lattice parameter ratios for monoclinic C2/c Ln2WO6.
Normalization was carried out relative to the room temperature value of the
respective parameter.
190
Figure 7.13 Normalized cation spacings in (001) and (010) planes of Gd2WO6.
191
Figure 7.14 Thermal expansion ellipsoid eigenvalues for monoclinic C2/c
Ln2WO6.
192
Figure 7.15 Thermal expansion eigenvector orientations relative to (100) (a),
(001) (b), and (010) (c) plane normals in C2/c Gd2WO6.
193
Figure 7.16 Thermal expansion ellipsoid cross sections in (010) (a), (001) (b),
and (100) (c) hkl planes for C2/c Gd2WO6. The inner ellipsoid represents room
temperature TE values.
194
Figure 7.17 Ratio of normalized Ln polyhedra volumes in Gd2WO6.
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Table 7.2 Lattice Parameters vs. Temperature for rhombohedral Y6WO12 and
Ho6WO12.
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Table 7.3 Lattice Parameters vs. Temperature for rhombohedral Er6WO12 and
Yb6WO12.
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Table 7.5 CTE Values vs. Temperature for rhombohedral Y6WO12 and
Ho6WO12.
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Table 7.6 CTE Values vs. Temperature for rhombohedral Er6WO12 and
Yb6WO12.
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Table 7.9 Lattice parameter vs. Temperature for C2/c Gd2WO6.
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Table 7.10 Lattice parameter vs. Temperature for C2/c Dy2WO6.
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Table 7.11 Lattice parameter vs. Temperature for C2/c Ho2WO6.
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Table 7.13 CTE Values vs. Temperature for C2/c Gd2WO6.
208
Table 7.14 CTE Values vs. Temperature for C2/c Dy2WO6.
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Table 7.15 CTE Values vs. Temperature for C2/c Ho2WO6.
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Table 7.17 Thermal Expansion Ellipsoid Tensor Values and Expansion
Coefficients for Gd2WO6. αij are the CTE tensor components; αavg is the linear
CTE; β is the volume CTE; ’A’ is the aspherism coefficient [155].
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Table 7.18 Thermal Expansion Ellipsoid Tensor Values and Expansion
Coefficients for Dy2WO6. αij are the CTE tensor components; αavg is the linear
CTE; β is the volume CTE; ’A’ is the aspherism coefficient [155].
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Table 7.19 Thermal Expansion Ellipsoid Tensor Values and Expansion
Coefficients for Ho2WO6. αij are the CTE tensor components; αavg is the linear
CTE; β is the volume CTE; ’A’ is the aspherism coefficient [155].
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CHAPTER 8
CONCLUSIONS AND
FUTURE WORK
8.1 Summary and Conclusions
The transformations involved in the Ln6WO12 system all proved to be slow
and reconstructive in nature, with a very small volume change and a lack
of noticeable effect on the microstructure. Both processes required either
a continuous heating or prolonged isothermal exposure to advance, which
underlined the thermally-activated nature of the transitions. the The stability
range of the l -fcc phases extended from room temperature to approximately
1200 ○C, with the compositions with smaller Ln-cation starting to transform
first. Keeping in mind that the highest temperatures at which the majority of
the current ionic/electronic conductivity applications are performed lie close
to 1000 ○C, this provides another series of candidate materials for this type
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of environments. For the applications where more extreme conditions are
present (i.e. direct CO2 decomposition, above 1500
○C) the stability range of
the rhombohedral phase was also established, with its transformation to h-fcc
starting at approximately to 1600 ○C, with the larger Ln-cation compositions
transforming first. Of the two transformations, only the rhombohedral to
h-fcc was reversible (on slow cooling), with the h-fcc phase obtainable at room
temperature after quenching.
As expected from the high structural and chemical similarity the thermal
expansion of the two phases were rather similar, with the rhombohedral phase
showing a slightly greater overall expansion, possibly due to the smaller specific
volume. The anisotropic expansion behavior of the rhombohedral phases was
attributed to the layered arrangement of anions and cations, which increased
cation-cation repulsion, and thus expansion, along the (111) plane, rather than
perpendicular to it.
In the Ln2WO6 compositions, the b and c-axes showed noticeably greater
initial thermal expansion values as compared to those of the a-axis. This was
attributed to the continuous and more dense packing of Ln polyhedra along
the (100) plane relative to the basal (010) plane. The observed subsequent
relative increase in the a CTE was due to the rotation of the TE ellipsoid
along b, which brought the direction of maximum TE closer to the a-axis, and
the smallest one closer to c. Based on its role in the structural dynamics and as
a link between the constituent blocks of the (100) layer, it was determined that
of the three Ln-polyhedra, the one centered on a general position is responsible
for the continuous evolution of the TE ellipsoid.
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Of the five Ln2WO6 compounds, Dy2WO6, Y2WO6 and Er2WO6
demonstrated a series of endothermic (on heating) and exothermic (on cooling)
phenomena, observed during two consecutive DSC measurements with maximum
temperature of 1500 ○C. Based on the peak shapes and kinetic characteristics,
these repeatable and reversible events were classified as displacive transformations.
Fast, with very small hysteresis, a close-to instantaneous initiation on cooling
and a resulting strongly asymmetric shape of the enthalpy change peaks, the
processes suggested an athermal nature, which is atypical for reconstructive
or second order transitions. A comparison with the peaks resulting from the
monoclinic-to-tetragonal transformation in monoclinic ZrO2 further reinforced
the displacive character of the thermal analysis results.
8.2 Future Work
Because of the structural and chemical similarity among the three phases
in the Ln6WO12 and the high potential for conductivity applications of the
rhombohedral structure, a study of the conductivity properties of the l -fcc
phase should be carried out. Since the range of existence of the l -fcc phase
is more limited than the rhombohedral one, the methodology for preparation
of sintered, dense bodies of the former will have to be established, with the
presence of a relatively low transformation temperature being one obstacle to
the use of conventional sintering techniques. Additionally, a comparison of
a quenched h-fcc phase with its lower temperature equivalent would confirm
the equivalence of the two and possibly clarify the reasons for the metastable
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existence of the high-temperature phase at ambient conditions. The stability
of the quenched h-fcc phase should also be investigated, and if no reversal
to rhombohedral on heating is observed, the possibility to use the disordered
fcc phase not only up to 1200 ○C, but all the way up to its melting point
close to 2100-2200 ○C should be considered. Hot-stage transmission electron
microscopy (TEM) or ex situ electron microscopy on l -cc samples should be
performed to investigate the dependence between particle size and
transformation evolution. Establishing a critical particle size for the
low-temperature transition could reveal the reason for the existence of the
high-temperature fcc structure as a metastable low-temperature phase. The
effect of the particle size growth on the transformation kinetics can be
investigated by studying both powder and solid samples, where the particle
growth kinetics would be sufficiently different to provide easily distinguishable
rates of transformation.
Additionally, in-situ TEM work can provide direct evidence for the
progression of the low-temperature transformation by observing the nucleation
of the rhombohedral phase as well as following its growth by monitoring the
interface dynamics, and more specifically track the short range interfacial
diffusion of atoms via which the processes is suggested to evolve. This would
confirm the propositions based on the in-situ XRD work and produce a more
detailed picture of the microstructural effect of the transformation.
In light of the interesting thermal analysis results of the Ln2WO6
compositions, a further in situ HTXRD study would be beneficial in two
ways. First, it will establish the nature of the processes observed during the
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calorimetry measurements and clarify whether they indeed have a structural
manifestation. If this is proven to be the case, the second aspect of the
study will be a detailed description of the structural changes involved and
a classification of the transformation process. Dilatometric studies on dense
samples should also be carried out as a straight-forward way to determine
the kinetics of the process and the nature of the volume change involved.
A study of the microstructure of the sintered samples before and after the
transformation should provide details on the microstructural effects and the
presence of any integrity-affecting volume-change-accommodating mechanisms.
A challenge here would be to obtain sintered samples of the low-temperature
phase in order to allow a clear comparison on the microstructure before and
after the transformation. In order to get a dense sample at temperatures
below that of the transition, hot-pressing or spark-plasma sintering should be
considered. If the transition character is of displacive nature as suspected
from the DSC studies, particular attention should be paid to the involved
volume changes and transformation kinetics, as this type of phenomena are
rare in structural ceramics and can have attractive transformation toughening
or weakening applications. The useful potential of these transformations can
be further increased by extending the studies to compositions including other
Ln elements, namely Ho, Sm, Nd and La (excluding those with multiple valence
states).
Based on their location in the Ln sequence of elements, the reason for the
presence of these transformation events in some compositions and their lack in
others (i.e. Gd2WO6 and Yb2WO6) should also be investigated. A comparison
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between the symmetries of the stable room-temperature structures for each
composition should be carries out, and the role of the specific Ln cation on the
high-temperature stability of the non-transforming phase should be clarified.
Finally, in light of the single-phase focused studies conducted so far, a
thorough in situ phase transformation investigation would provide a
comprehensive and inclusive description of the phase equilibria in the Ln2WO6
system.
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